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ABSTRACT 
Chronic Traumatic Encephalopathy (CTE) is a neurodegenerative disease marked 
by. widespread accumulation ofhyperphosphorylated tau (ptau). CTE is associated. with a 
constellation of symptoms, including impairments in cognition, behavior, and mood. 
Although initially described in boxers as dementia pugilistrca, CTE has been diagnosed 
in athletes from a variety of backgrounds, as well as military veterans and other 
individuals exposed to traumatic brain injury (TBI). To date, the only shared risk factor 
for CTE is a history of single or multiple TBI. This work aimed to better elucidate the 
relationship between exposure to head impacts and the development and progression of 
CTE. 
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Although the link between brain injury and CTE has been well described, the 
magnitude of this relationship has never been studied epidemiologically. The minimum 
prevalence of CTE was determined in a cohort at high risk of exposure to head impacts, 
· specifically National Football League (NFL) athletes. All former NFL. athletes who 
passed away in 2011 were identified; a subset ofthese athletes were studied and 
diagnosed with CTE to establish a minimum prevalence of CTE. The characteristics of 
those examined and diagnosed with CTE and those undiagnosed were explored. These 
analyses represent the first epidemiologic study of CTE; the high prevalence highlights 
the relationship between exposure to head impacts and the diagnosis of CTE. 
Next, the relationship between the nature of athletic exposure and CTE was 
quantified. An athletic history questionnaire was developed and integrated into a 
mathematical model, incorporating data from sensors placed in football players' helmets, 
to identify the theoretical frequency and magnitude of an athlete's head impact exposure. 
This model was adapted for use postmortem, and it was found that the duration of athletic 
exposure, total theoretical collisions experienced; and the sum of the 95th percentiles of 
the rotational acceleration endured, were all significantly associated with extent of CTE 
pathology. The relationships between the type of athletic exposure and the clinical 
presentation of disease and the specific neuroanatomic distribution ofp-tau were also 
explored. 
. These findings indicate the significant role of athletic exposure to head impacts on 
the diagnosis and progression of CTE, clinically and pathologically. 
·- Vll-
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I. BACKGROUND 
Athletic activity has been associated with head impacts since long before the first 
football tackle took place in September 1869 between the College of New Jersey Tigers 
and the Rutgers Queensmen. The overall intent of this work is to ascertain the effect that 
these impacts have on the development of the neurodegenerative disease Chronic 
Traumatic Encephalopathy (CTE). Head impacts are believed to be necessary, although 
not sufficient, to the pathogenesis ofCTE. To date, all individuals diagnosed with CTE 
have had sorrie history of head impacts, often of a repetitive nature. Additionally, 
individuals who have had high exposure to these repetitive impacts appear to be at 
increased risk of disease. This work examines the link between head impacts and CTE 
epidemiologically, and biomechanically characterizes the head impact exposure in 
diagnosed cases of CTE to better understand the.types of impacts that may initiate or 
exacerbate CTE pathology. The background section is structured as a series ofreview 
chapters intended to examine what is currently known about the consequences of athletic 
exposure to head impacts, and the means by which they have been measured. 
The first chapter focuses on the epidemiology of brain injury in athletic activity. 
The most common athletic brain injury, concussion, has received increasing attention as 
it has been linked to the pathogenesis of CTE. Although these injuries-may never be 
completely eliminated from sports, the first step towards understanding their effects is 
studying the activities that result in head impacts, and the rate at which these impacts 
result ·in acute injury. This chapter identifies the factors that affect concussion rate and 
outlines the role that equipment plays in minimizing the incidence of concussion. 
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Although these injuries typically present With transient symptoms and resolve 
spontaneously, concussions can be associated with protracted effects in the form of 
cognitive; behavioral and mood changes. While neurodegenerative disease in general, 
and CTE specifically, has been implicated with these injuries, concussions have 
associated with a constellation of lingering effects. Furthermore, adolescent exposure to 
head impacts may have different effects as compared to adult exposure. As this exposure 
begins in youth for many athletes, and continues through adulthood, the clinical effects of 
head impacts and concussion m~st be fully understood to disambiguate them from the 
clinical progression of CTE. These long term effects of concussions and repetitive head 
impacts will be explored in the second chapter. 
The third chapter focuses specifically on CTE. Although the disease has been 
described in the literature for nearly a century, much remains unknown about the disease. 
The pathology of disease will be explored, along with what is understood about the 
clinical presentation, proposed mechanisms of disease, other potential risk factors beyond 
head impacts, and prospective biomarkers that may aid in disease diagnosis. 
Of note, not all individuals diagnosed with CTE were known to have experienced 
concussion, suggesting that acute neurologic.symptoms at the time of collision may not 
be necessary for the pathogenesis of CTE. As such, the overall exposure to head impacts, 
and the means by which this exposure can be measured, warrants exploration. The 
biomechanics of head impacts, and how they are measured and categorized, will be 
explored in the fourth chapter. 
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I.A. EPIDEMIOLOGY OF BRAIN INJURY IN SPORTS 
Athletic exposure to head impacts can result in short and long term somatic and 
· mental impairments. These acute symptoms are of particular interest as recent evidence 
suggest that these, previously mild, injuries may not be as transient as once thought. 
Additionally, more catastrophic injuries sometimes result from athletic activity. An 
examination of how pervasive head injuries are in certain athletic activities is necessary 
to fully understand the burden associated with these injuries. 
Although the bulk of this dissertation focuses on the effects of football, this 
chapter examines the risks associated with head impacts in all sports. Football is .the 
focus of this work both because of the cumulative burden ofhead impacts sustained by 
these athletes, and because the sport provides a useful means for characterizing and 
quantifying the head impacts sustained; athletes wear helmets that can be mounted with 
. . . 
sensors as they compete in different positions, each with distinct risk of head impacts of 
varying frequency and magnitude. However, all head impacts matter; as Dr. Robert 
Cantu often says, "The brain does not care what hits it." 
As a result, this chapter examines head impacts in all sports. In addition to sport 
specific findings, the chapter also identifies the factors that affect concussion rate and 
outlines the role that equipment plays in minimizing the incidence of concussion. Much 
of this chapter has been adapted from work written.by the author for publication, and 
accepted as two articles into the Clinics in Sports Medicine.(!, 2) 
~ 3 ~ 
I.A.l. ABSTRACT 
Concussions and repetitive brain trauma (RBT) occur following head impacts in 
athletic activities. These impacts, and the resulting brain trauma, may never be 
completely eliminated from sports. However, with better data conies an improved 
understanding of the types of actions and activities that tYpically result in concussions 
and RBT. With this knowledge can come improved techniques and rule changes to 
minimize the rate and severity of brain trauma in sport. This article identifies the factors 
that affect brain injury rate. 
I.A.2. INTRODUCTION . 
Each year, an estimated 38 million children and adolescents participate in 
organized sports in the United States.(3) In addition, 170 million adults participate in 
·physical activities, including sports.( 4) Many of these activities are associated with head 
impacts, and result in an increased risk of traumatic brain injury (TBI).( 5) In the United 
$tates, an estimated 1.7 million people sustain a TBI annually, associated with 1.365 
million emergency room visits and 275,000 hospitalizations annually with associated 
direct and indirect costs estimated to havebeen $60 billion in the United States in 
2000.(6, 7) Additionally, the Centers for Disease Control estimates that 1.6 to 3.8 million 
concussions occur in sports and recreational activities annually.(8) However, these 
figures vastly underestimate total TBI burden, as many individuals suffering from mild· or 
moderate TBI do not seek medical advice.(6, 8) 
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A concussion is a TBI, often referred to as. a mild TBI (mTBI), induced by an 
impulsive force transmitted to the head resulting from a direct or indirect impact to the 
head, face, neck, or elsewhere.(9) These concussions may present with a wide range of 
clinical signs and symptoms, including physical signs (e.g., loss ofconsciousness, 
amnesia), behavioral changes (e.g., irritability), cognitive impairment (e.g., slowed 
r~action times), sleep disturbances (e.g., drowsiness), somatic symptoms (e.g., 
headaches), cognitive symptoms (e.g., feeling "in a fog"), and/or emotional symptoms 
(e.g., emotionallability).(10) Because these impairments in neurologic function often 
present with a rapid onset and resolve spontaneously, many concussions are neither 
recognized by athletes nor observed by coaches or athletic trainers.(11-14) As a result, a 
large proportion of concussions are simply unreported. 
This issue is further complicated by the fact that many coaches, athletic trainers, 
and other sports medicine professioniils do not properly utilize current guidelines for 
concussion assessment and management.(15, 16) To help educate these professi~nals on 
proper concussion identification and treatment, the Centers for Disease Control and 
Prevention (CDC) launched the Heads Up program, which includes educational materials 
aimed at youth coaches, high school coaches, parents, athletes, school administrators, and 
medical professionals. These resources have been shown to .improve high school coaches' 
knowledge regarding how to evaluate and properly manage concussions.(17, 18) In part 
due to awareness measures like these, the number of concussions reported to the National 
Collegiate AthleticAssociation (NCAA) through its Injury Surveillance System (ISS) 
showed an average annual increase of7.0% from the 1988-89 through 2003-04 seasons 
- 5 -
(P < .01).(19) Additionally, the concussion rate observed through the ISS doubled from _ 
0.17 per 1000 athlete exposures (A-E, with an exposure defined as one athlete playing in 
one game or practice) in 1988-89 to 0.34 per 1000 A-Es in 2003-04.(19) This increased 
rate ofconcussion may also be due in part to an increase in the true rate of concussion 
over the past several decades. However, even With new resources, proper identification of 
concussion remains a problem.(17) 
Many of these concussions could be prevented . outright with proper medical care 
and safety precautions, such as implementation of safer rules, proper conditioning, and 
standardized coaching techniques. Additionally, newer equipment and protective devices 
such as helmets and mouthguards may have a role in the prevention of concussion. 
I.A.3. SPORT SPECIFIC FINDINGS 
I.A.3.a . . American Football 
Participation. Of all sports played in the US, American football is the sport 
associated with the greatest number of TBis, but it also has the largest number of 
participants. Between the 1982-83 season and the 2007-08 season, a total of35,641,573 
high school athletes and 1,929,069 collegiate athletes competed in football.(20, 21) For 
purposes of this article, an athlete is defined as one player playing one season. Because 
many high school and college players play multiple years of football, the number of 
unique participants is much lower. However, that data is not available. Currently, the 
National Federation of State High School Associations estimates that there are 
approximately 1 ~500,000 high school, junior high school, and non-federation school 
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football participants. The NCAA; the National Association oflntercollegiate Athletics, 
and the National Junior College Athletic Association estimate that there are currently 
75,000 collegiate football participants, including estimates of athletes at schools not 
associated with any national organization. 225,000 participants are estimated to compete 
in fully padded, organized, non-professional football (sandlot) and professional football. 
Combined, these figures indicate that approximately 1;800,000 total athletes participated 
in football in the United States during the 2009 football season.(20) 
Injuries. Because of the aforementioned difficulties in examinirtg concussion 
specifically, total incidence of catastrophic head injuries may be a better comparator for 
injury trends over time. Catastrophic head injury is defmed as a head injury caused by 
direct contact during competition resulting in a fatal, nonfatal permanent, or serious 
nonpern:lanent injury. Since the 1982-83 season, there have been 133 football players 
with incomplete neurological recovery from catastrophic head injury. 120 of these 
injuries occurred in high school athletes, eleven occurred in college participants, two 
occurred in sandlot players, and none occurred in professional football players. In 2009, 
all nine cerebral injuries with incomplete recovery were in high school athletes.(5) 
Although there have been significant reductions in these injuries following rule 
changes in the 1970s, the rate of head injuries has been increasing in recent years. ·Over . 
the ten-year span J):om 2000 to 2009, there was an average of 6.2 cerebral injuries 
annually with incomplete recovery in football. The prior ten years averaged 4.5 cerebral 
injuries annually. The ten cerebral injuries in 2008 and i:rine in 2006 and 2009 were the 
highest incidences since 1984.(5) 
- 7 -
.. 
Because concussion awareness and diagnosis has changed significantly, over the 
past few decades, there is wide variability in the literature on the rate of concussion in 
football athletes. One study, evaluating concussions reported to medical professionals 
. over a_three-season span from 1995 to 1997, found that high school football players had a . 
rate of3.66 concussions per 100 player-seasons, meaning that there were 3.66 
concussions every season for every hundred athletes.(22) However, another study, a post-
season retrospective survey of 23 3 football players after the 1996-97 season, found that 
11 0 ( 4 7.2%) reported having experienced at least one concussion. Multiple concussions 
were noted in 81 (34.9%) of the athletes.(23) Additionally, the NCAA ISS found a 
concussion rate of 0.37 per 1000 A-E (95% CI = 0.36, 0.38) from the 1988-89 season 
through the 2003-04 season.(19) Recent studies indicate even higher rates of reported 
concussion in football players. In one study, examining the concussions reported by 425 
athletic trainers from 1 00 US high schools and 180 US colleges, the rates of concussion 
were compared between high school and collegiate athletes. The high school athletic 
trainers reported 201 concussions over the 2005-06 season, which yielded a concussion 
· rate of0.21 per 1000 A-E in practice and 1.55 concussions,per 1000 A-E in competitions. 
Together, these averaged a rate 0.4 7 per 1000 A-E overall. As expected, each game 
carries a statistically significant increased risk of concussion with an injury proportion 
· ratio (PR) ofl.39 (95% confidence interval (CI) = 1.01, 1.91). 245 concussions were 
reported in the collegiate athletes, resulting in a concussion injury rate of0.39 per 1000 
A-E in practice, and a rate of3.02 concussions per 1000 A-E in competitions (resulting in 
an overall rate of 0.61 per 1.000 A-E).(24) These results indicate a statistically significant 
8 -
increase in rate of diagnosed concussion between high school and collegiate athletes. 
Because college athletes tend to have greater access to -and more interaction with medical 
professionals, the increase may be due to medical infrastructure rather than differences in 
the number of actual concussions sustained. 
The same study evaluated the types of collisions that resulted in concussions and 
found that tackling and l:ieing tackled were responsible for 67.6% of the concussions 
observed in these football players.(24) Concussive impacts may produce different signs 
based on the age of the athlete. Although the high school and college groups did not 
differ in presentation of symptoms such as confusion or retrograde amnesia, college 
athletes did experience a high rate of loss of consciousness (34%) compared to the high 
school athletes (11% ). Despite this lower rate of loss of consciousness, studies have 
shown that high school athletes who have experienced a concussion show worse 
recovery, in the form of prolonged memory dysfunction, as compared to concussed 
collegiate athletes. College athletes, despite having more concussions throughout the 
season, typically recover and match control subjects by day 3 following the concussive 
blow. However, the high school athletes continue to perform significantly worse than 
. control subjects for up to seven days following the injury (F = 2.90; P <.005).(13) This 
age-based disparity in performance on neuropsychological testirlg is not correlated with · 
self-report of postconcussion symptoms.(13) 
Of note is the fact that high school athletes appear to recover more poorly as 
compared to collegiate athletes, despite the latter typically incurring more acutely severe 
' c -
injuries as a result of being bigger, faster, and stronger. There are several possible 
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explanations for this disparity between hi~h school and collegiate football players: the 
brain may not yet be fully developed, resulting in a lower injury threshold; the blood 
vessels may tear more easily ill the less developed brain; the skull is thinner, which could 
provide less protection to the brain; there may be fewer me'dical staff members available 
at high school games; and/or poor body control and technique might make _younger 
players more susceptible to brain injury following a poorly executed tackle.(25) In fact, 
one explanation may be that for various reasons, including having weaker necks, high 
school football players were found to sustain more absolute force to brain per hit while 
playing football that college athletes.(26) However, football players who have a history 
of previous concussions are at a greatly increased risk of experiencing future concussions 
as compared to athletes without a history of such impacts.(27) 
Protection. There is much interest in mitigating these concussive impacts with 
modem and well-designed helmets. One proposed helmet is the Revolution helmet 
. . 
manufactured by Riddell. 1,173 high school athletes were given Revolution helmets, 
while 968 used standard helmets. All athletes were given a baseline Immediate Post-
Concussion Assessment and' Cognitive Testing (ImP ACT) examination. Over the 
following three years, whenever an athlete experienced a potential concussive blow, he 
was assessed for concussive signs using the ImP ACT test. During the course of the _study, 
the concussion rate in athletes wearing the. Revolution helmet was 5.3% as compared to a 
concussion rate of 7.6% in athletes weanng the standard helmet [x2 (1, 2, 141) = 4.96, p 
< 0.027]. Athletes wearing the Revolution helmet appeared to have a 31% decreased 
relative risk for sustaining a diagnosed concussion as compared to those who were not . 
. - 10 -
Limitations in the study design diminish the strength ofthe findings, however. The 
players in the Revolution helmets had new helmets while the standard helmets were of 
varying age, and helmets tend to become .less effective over time. In addition, because 
·players' self.:report much higher rates of concussions, the results may have been 
influenced more by reporting rates than absolute concussions. Furthermore, concussions 
were diagnosed by ImP ACT instead of a combination of neurological exam including 
balance testing, the study was funded by Riddell, and a Riddell employee was a lead 
author. Although there was a difference in rate of concussion between the two groups, 
concussed athletes in the two groups did not differ significantly in their average number 
of days to recover and return to play following their concussions.(28) 
There is similar interest in the possibility that better designed mouthguards might 
help dissipate force, thereby reducing the magnitUde of the impact. Because 
mouthguards are already mandatory equipment in football, there is an opportunity to 
evaluate the role of specific types of mouthguards in preventing concussion. There is 
some scientific rationale that custom fitted mouthguards might be more effective at 
measurably absorbing the force of impact.(29) A study of28 high school and college 
football players suggested a decreased rate of concussion following the use of customized 
. mandibular orthotics; however, this study was marked by a number of design flaws. 
Concussion rate prior to <;ustomized mandibular orthotics was measured by self report, 
· whereas concussion rate following orthotic use was only calculated based on concussions 
diagnosed by athletic trainers and coaches~ Also, because all athletes were given 
. orthotics, the observed decrease in concussion rate could simply be an artifact of different . 
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styles ot age of play; all athletes were necessarily older when using the custom orthotics 
than they were when using standard mouthguards. Finally, the rate of concussion prior to 
custom orthotic use was not limited to games, whereas only concussions during games 
were counted towards the rate of concussions following custom orthotics:(30) 
Additionally, no large study has been able to demonstrate a significant difference in type 
of mouthguard and concussion rate. One study recruited 87 of a total 114 Division 1 
teams to participate in a study evaluating the effect of various mouthguard types on rate 
of concussion. There was no statistically significant result between the different 
mouthguards.(31) These findings have since been replicated by other large, multi-center 
cohort studies.(32) 
I.A.3.b. BasebaWSoftball 
Participation. Between the fall of 1982 and the spring of2008, 10,916,754 high 
school men and 23 ,517 high school women competed in baseball. An additional616,947 
men competed atthe collegiate level.(21) Approximately 419,000 men and 900 women 
compete in baseball at the high school level annually.(5) 
A similar number of athletes competed in softball. .Between the 1982-83 season 
and the 2007-08 season, approximately 30,000 men and 8.1 million women competed in 
high school softball, and an additional323,000 womeJ.?. competed at the collegiate 
level.(21) Annually, approximately 313,000 female and 1,100 male softball players 
compete at the high schoollevel.(5) 
Injuries. As addressed above, early reports of concussion incidence were 
complicated due to under-diagnosis by trainers, coaches, and medical professionals. From 
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199~ to 1997, 246 certified athletic trainers reported a rate of 0.23 concussions per 100 
player-seasons in high school baseball players, meaning that there were 0.23 concussions 
every season for every hundred athletes.(22) A 15-year survey of the NCAA ISS from the 
1988-89 academic year through 2003-04 academic year found that the rate of concussion 
was 0.07 per 1000 A-E (95% CI = 0.06, 0;08).(19) An analysis ofboth high school and 
collegiate athletes during the 2005-06 season, which stratified rates of injury by practice 
and competitive play, found that high school baseball players had a rate of concussion of 
0.03 per 1000 A-E in practice and 0.08 per 1000 A-.E in games (0.05 overall). This study 
reported similar findings to the NCAA ISS, with collegiate athletes experiencing 0.03 
concussions per 1000 A-E in practice and 0.23 per 1000 A-E in games (0.09 overa11).(24) 
Concussions account for 2.9% of all injuries that occur in practice and 4.2% of all 
injuries occurring in games (Injury PR = 3.8, p < 0.01).(33) 
In softball, from the same group of athletic trainers studied from 1995 to 1997, a 
rate of 0.46 concussions per 100 player-seasons was reported.(22) A more recent study 
analyzing high school softball athletes over the 2005-06 season found a concussion rate 
of 0.09 injuries per 1000 A-E during practice and 0.04 injuries per 1000 A-E during 
games (overall 0.07 concussions per 1000 A-E).(24) This high school concussion rate is 
slightly less than that observed in college. The NCAA ISS survey reported a concussion 
rate of 0.14 per 1000 A-E (95% CI = 0.12, 0.16) in collegiate athletes between the 1988-
89 season and the .2003-04 season.(19) Furthermore, over the 2005-06 season, collegiate 
athletes experienced a rate of 0. 07 concussions per 1 000 A-E in practices, and 0.3 7 
concussions per 1000 A-E in games (overall==-0.19).(24}Concussions occurring in 
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practice accounted for 4.1% of all softball injuries, whereas concussion~ in games 
constituted 6.4% of all softball injuries (Injury PR = 2.5, p < 0.01).(33) 
Although differing in form, softball and baseball are related sports with similar 
methods of play. As such, a recent study comparing softball athletes to baseball athletes . 
in high school found that players in boih sports experienced similar rates of concussion 
(0.07 concussions and 0.05 concussions per 1000 A-Es, respectively, RR = 1.48, 95% CI 
= 0.60, 3.63, P = .53). However, concussions represented a significantly greater 
proportion of total injuries in softball players than in baseball players (5.5% and 2.9% 
respectively, Injury PR = 1.91, 95% CI = 1.81, 2.01, P < .01). Additionally, the 
concussive injury in baseball players was more typically due to contact with the ball than 
in softball players (91.4% and 59.1 %, respectively, Injury PR = 1.55, 95% CI = 1.50, 
1.59, P < .01). Therefore, as expected, concussions in baseball players were more 
associated with being hit by a pitch than in softball players (50.6% and 6.9% 
respectively, Injury PR = 7.32, 95%CI = 6.44, 8.32,.P < .01).(24) 
These differences in mechanism of injury manifest in differing rates of recovery 
between the two sports .. By siX da)'s post-injury, symptoms were resolved in slightly 
more of the softball players than the baseball players (68.8% and 64.2% respectively, 
Injury PR = 1.07, 95% CI = 1.03, 1.11, P < .01). Despite this delayed course of symptom 
resolution, a greater proportion of baseball players versus softball players returned to play 
within six days (52.9% and 15.5% respectively, Injury PR = 3.42, 95% CI = 3.13, 3.73, P 
< .01).(24) 
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Protection. Several new helmet designs have been proposed and are now being 
introduced into Major and Minor League Baseball, but their degree of effectiveness in 
preventing concussion has not yet been demonstrated epidemiologically. 
I.A.3.c. Basketball 
Participation. One of the most popular sports across both genders, basketball was 
played by approximately 13.8 million men in high school, along with 11 million women 
in high school, between the fall of 1982 and the spring of2008.(21) An additional 
375,000 men and 328,00 women competed in college.(21) 
Injuries. In a survey of high school athletic trainers evaluating athletes over the 
1995-97 seasons, men experienced a rate of 0.75 concussions per 100 player-seasons. 
This was slightly less than the rate of 1.04 concussions per 100 player-seasons 
experienced by women.(22) In college athletes, a 15-year analysis of the NCAA ISS 
found that men had a rate of0.16 concussions per 1000 A-E (95% CI = 0.14, 0.17) as 
compared to a rate of 0.22 concussions per 1000 A-E in women (95% CI = 0.20, 
0.24 ).(19) An_ analysis over the 2005-06 season in high school showed a similar 
relationship between male and female basketball players, with men experiencing. a lower 
concussion rate than women (0.07 .and 0.21 concussions per 1000 A-Es respectively, RR 
= 2.93, .95% CI = 1.64, 5.24, P < .01). This difference was largely accounted for by 
concussions during competition. Whereas men and women both had a rate of0.06 
concussions per 1000 A-E in practice, women had a rate of 0.60 concussions per 1000 A-
. . 
E in games as compared to 0.11 in men. In college basketball, men experienced fewer 
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concussions in both practices (0.22 versus 0.31 concussions per 1000 A-E) and games 
(0.45 versus 0.85 concussions per 1000 A-E).(24) 
Concussions represented a greater proportion of the total injuries e~perienced by 
women as compared to men (11.7% and 3.8% respectively, Injury PR = 3.09, 95% CI = 
2.98, 3.20, P < .01).(24) In: men's high school basketball, concussions accounted for 4.1% 
of all the injuries sustained during practices and 5.0% of those sustained during games; 
this difference was not significant.(33), Women, however, experienced 3.4 times the risk . 
of suffering a concussion during a game versus practice, with concussions accountip.g for 
4.7% ofall injuries during practice and 8.5% during games.(33) This relationship 
between practice and games was confirmed in another study, indicating that women have 
a significant increase in risk at games_(Injury PR = 5.82, 95% CI = 2.06, 16.49), but men 
had no significant difference.(34) 
While playing basketball, concussions are associated with different activities in 
men than in women. Women receive a greater proportion of their concussions while ball 
handling/dribbling (19.0% versus 1 0.4%, Injury PR = 1.83, 95% CI = 1.65, 2.02, P = .01) 
and while defending (22.2% versus 13.4%, Injury PR = 1.66, 95% CI .= 1.52, 1.81, _P < 
.01). Men, on the other hand, experience a greater proportion oftheir concussions chasing 
loose balls (26.0% versus 10.6%, Injury PR = 2.46, 95% CI = 2.28, 2.64, P < .01) and 
rebounding (30.5% versus 16.6%, Injury PR = 1.83, 95% CI = 1.72, 1.95, P < .01). A 
higher proportion of men than women e,xperienced a concussion due to collision with the 
playing surface (34.0% and 22.0% respectively, Injury PR = 1.54~ 95% CI = 1.46, 1.63, P 
' - 16 -
-< .01). Some women, but no men, reported a concussion due to contact with the ball 
(6.0%).(24) 
· Male and female basketball players also have differing rates of symptom 
resolution and return to play. Two days post-concussion, significantly more men returned 
to play than women (39% and 15% respectively, Injury PR = 38.21, 95% CI = 30.44, 
47.96, p < .01).(24) 
Protection. Many are interested in the potential role of mouthguards in reducing 
the number of concussions in basketball. However, recent studies have found no 
significant differences in concussion rates between mouthguard users and nonusers.(35) 
I.A.3.d. Cheerleading 
Participation. The number of athletes participating in cheerleading is increasing 
as the sport becomes more popular. Annually, there are currently an estimated 3.5 
million cheerleading participants who are at least six years of age. Based on these 
estimat~s, the number of cheerleading participants in the US has increased 18% since 
1990.(36) 
Injuries. In addition to becoming increasingly popular, cheerleading has become 
increasingly associated with risk catastrophic head and spine injury, especially for the 
flier.(21) In-the past thirty years, cheerleading has transitioned from principally utilizing 
toe touch jumps, splits, and claps, to increasingly incorporating routines such as 
gymnastic tumbling runs, human pyramids, lifts, catche-s, and tosses.(3 7) These moves 
are associated with increasing risk of injury. The Consumer Product Safety Commission 
(CPSC) reported that cheerleading injuries had resulted in an estimated 4,954 hospital 
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emergency room visits in 1980. This number continually rose to 6·,911 by 1986, to 
approximately 10,900 by .1990, to approximately 16,000 by 1994, to 21,906 by 1999, to 
approximately 22,900 in 2002, and to 28,414 by 2004. In 2007, the numbers decreased 
slightly to 26,786, but remained five times higher than the number of emergency room 
visits 27 years earlier.(5, 38, 39) Many of these injuries are to the head and neck. Many 
result in concussions.(5) 
A study looking at all injuries in North Carolina high school competitive 
cheerleaders from 1996 to 1999 found that 6.3% of all injuries were concussions.( 40) In 
2006, head injuries were associated with 1,070 concussions. In 2007, head injuries were 
associated with 783 concussions.(5) A one year study of 143 .cheerleading teams from 
2006 to 2007 found that the majority of concussions and closed head injuries occurred in 
practices rather than athletic events (82% and 18%, respectively). Additionally, college 
cheerleaders were significantly more likely to experience a concussion or closed head 
injury than were cheerleaders of different levels (P = 0.02, OR= 3.1 0, 95% CI = 1.20, 
8.06).(41) 
Prevention.' There is a debate as to whether the experience, qualificatimis, and 
. training ,level of coaches have an effect on cheerleader injury rate. Several sources 
indicate that coach training is significantly associated with decreased risk of injury;(5, 
42) while other studies have found no such relationship.(39, 40) 
I.A.3.e. Gymnastics 
Participation. From the fall of 1982 through spring 2008, nearly 100,000 men 
and 640,000 women competed in high school gymnastics. An,. additional 15,000 men and 
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40,000 women competed collegiately.(21) Approximately 3,800 men and 24,500 women 
participate in gymnastics annually.(5) 
Injuries. A study ofhigh school gyiill!a~!s from 1990 to2005 found an incidence 
of concussion and closed head injury of 1:7%. These concussions and closed head 
-injuries were more likely to occur while individuals were performing headstands than 
among individuals performing other skills (RR: 7.14; 95% CI: 3.15-16.19; P < .002). As 
the age of the athlete increased, the frequency of concussions and closed head injuries 
· decreased.( 43) From the 1988-89 season through 2003-04 season, the rate of 
concussions reported to the ISS was 0.16 per 1000 A-E (95% CI = 0.12, 0.20).(19) 
_ I.A.3.f. Ice/Field Hockey 
Participation. Total concussions in ice hockey athletes are low due to relatively 
lower participation in ice hockey at the high school and collegiatelevel. Approximately 
723,000 men and 72,500 women competed in high school ice hockey betWeen the fall of 
1982 and the spring of2008. Approximately 100,000 additional men and 17,000 
additional women competed in college.(21) An average of approximately 27,800 men 
and 2,800 women play ice hockey each year.(5) Field hockey is also associated with 
relatively few total concussions, again due to relatively lower athletic participation. 
Between the fall of 1982 and the spring of 2008, approximately 3000 men and 1.43 
million women competed in high school field hockey, while 145,000 additional women 
competed collegiately. (21) 
Injuries. ·Both forms of hockey are associated with a relatively high rate of 
concussions, considering their comparatively lower participation rate. According to the 
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information reported to the ISS from 1988 through 2004, the rate of concussions in male 
collegiate athletes was 0.41 per 1000 A-E (95% ~I= 0.37, 0.44), compared to 0.91 per 
1000 A-E in female collegiate athletes (95% CI = 0.71, 1.11).(19) Concussions in hockey · 
players account for 6.3% of practice injuries and 10:3% of game injuries (Injury PR = 
15.5, p < 0.01).(33) Although the relationship between age and concussion in hockey 
players remains unclear, recent evidence in youth hockey players indicates that play.ers in 
Bantam (age 13-14) and Pee Wee (age 11-12) had a higher risk of concussion (RR=4.04 
and 3.14, respectively) when compared with players in Atom (age 9-10).(44, 45) There is 
also a question as to what extent league rules, such as body checking, are associated with 
concussion. A meta-analysis of four studies evaluating the effect of body checking rules 
found that body checking in a league is associated with an increased risk of concussions 
(odds ratio =1.71, 95% CI = 1.2, 2.44).(44-47) 
Although there are some similarities between ice and field hockey, the proportion 
of concussion was higher in ice hockey players (3.9%) than in field hockey players 
(1.4%) (Injury PR = 2.75, 95% CI = 1.17, 6.46).(48) In a survey of athletic trainers from 
1995 to 1997, concussions in high school field hockey were reported at a rate of0.46 per 
100 player-seasons.(22) In college, the NCAA ISS reported that female field hockey 
athletes had a rate of0.18 concussions per 1000 A-E (95% CI = 0.15, 0.21) from the 
1988-89 season through the 2003-04 season.(19) Concussions accounted for a higher 
proportion of all injuries in games as compared to those in practices (7 .2% and 3. 7% 
respectively, IDR 6.4).(33) 
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Protection. There has been some interest in the degree to which helmets, 
mouthguards, and visors affect concussions in athletes. There are several different hockey 
helmet designs that have been shown to decrease total impact experimentally; however, 
there have been no studies to determine their utility in reducing concussions. 
Mouthguards are not mandatory in the National Hockey League (NHL) as there is 
debate over to what extent they reduce concussion incidence and severity. In a study of 
I ,033 NHL athletes, the rate of concussion was 1.42 times greater in individuals who did 
not wear mouthguards, as compared to those who did. However, this difference was not 
statistically significant (95% CI 0.90 to 2.25). Despite the non-significant fmding 
regarding concussion rate, symptom severity was significantly decreased by use of 
mouthguards. Symptom severity, measured using the modified McGill ACE symptom 
·scale, was found to be significantly worse in athletes who were not wearing mouthguards 
than in those who were (p<O.Ol).(49, 50) 
There is also interest in the role visors may play in reducing concussion. 
However, a number of studies have shown no significant relationship between use of 
visors and concussion rate in high school, college, or NHL athletes.( 50-53) 
I.A.3.g. Lacrosse 
Participation. From the fall of 1982 through the spring of 2008, appro:xiinately 
860,000men and 587,000 women played high school lacrosse, with an additional 
151,000 men and 106,000 women competing at the college level.(21) High school 
lacrosse has approximately 33,000 male and 22,000 female participants eacp. year. 
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College participation figures reveal approximately 5,819 men and 4,000 women lacrosse 
players eachyear.(5) 
Injuries. Although lacrosse is not associated with a large number of total 
concussions, the rate of concussion is relatively high when compared with other sports. 
The rate of concussion in collegiate athletes reported to the NCAA ISS was 0.26 per 1000 
A-~ in men (95% CI = 0.23, 0.39) and 0.25 per 1000 A-E in women (95% CI = 0.22, 
0.28) from the 1988-89 season through 2003-04 season.(19) Concussions accounted for 
8.6% of all injuries in lacrosse competitions, with athletes nine times more likely to 
experience a concussion in a game as compared to practice (1.08versus 0.12 injuries per 
1000 A-E, Injury PR = 9.0, 95% CI = 7.1, 11.5). 78.4% of concussions resulted from a 
-collision with another person, whereas 10.4% resulted from collision with a stick.(54) 
Another study stratified concussion rate by gender, and confirmed that games are 
associated with significantly more concussions than practice in both genders (Injury PR = 
13.32 in men, and 6.3 in women, p < 0.01).(33) Concussions accounted for 9.8% of all 
female injuries, and women had approximately five times t4e rate of concussion during 
games as compared with practices (0.70 and 0.15 injuries per1000 A-E respectively, 
Injury PR = 4.6, 95% CI = 3.5, 6.0). More than half the time, the concussions in female 
lacrosse players resulted from contact with a stick.( 55) 
Prevention. Although the rate of concussions has increased dramatically in many 
sports, some have argued that this observation in men's lacrosse may be, in part, 
explained by the introduction of a new helmet. One study compared the rate of 
concussion in the years immediately following the helmet's introduction (1996-97 to 
- 22 -
.2003-04) to the preceding years (1988-89 to 1995-96). In practices, the rate increased by 
-
0.14 concussions per 1000 A-E (95% CI = 0.09, 0:19, P < .01). In games, the rate 
_increased-by 0,84 (95% CI = 0.52, 1.16, P < .01).(54) However, this increase is certainly 
due, in part, to improved detection and diagnosis of concussion during that time frame. 
I.A.3.h. Soccer 
Participation. In the US, soccer is growing in popularity. Between 1982 and 
2008, approximately 7.2 million men and 5.2 million women played soccer at the high 
school level. An additional430,000 men and 322,000 women competed in college.(21) 
Injuries. In a study of athletic trainers from 1995 to 1997, the rate of concussions 
in male soccer players wa~ found to be 0.92 injuries per 100 player-seasons.(22) 
According to data reported to the NCAA ISS, men in college had a rate of 0.28 
concussions per 1000 A-E (95% CI = 0.25, 0.30) over the time period from the 1988-89 
season through 2003-04 season.(19) One study examining the 2005-06 season found that 
high school men experienced a rate of 0.04 concussions per 1000 A-E in practice and 
r 0.59 concussions per 1000 A-E in games (0.22 concussions per 1000 A-E overall). It was 
reported that college soccer players experienced 0.24 concussions per 1 000 A-E- in 
practice· and 1.38 concl}ssions per iOOO A-E in games (0.49 concussions per 1000 A-E 
overall).(24) Significantly more concussions occurred in games than in practice (Injury 
PR = 6.94, 95% CI = 2.01, 23.95).(34) 
Concussions in male soccer players typically occur as a result of hea:d to head 
. collisions in the act of heading the ball (40.5%). As expected, concussions were 
responsible for 64.1% of injuries that occurred while heading the ball. Another common 
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cause of concussions in soccer players was contact with another person (85.3%). Goalies 
were significantly more likely to experience a concussion, as 21.7% of all injuries to 
goalkeepers were concussions as compared with 11.1% of all injuries to other players 
(Injury PR = 1.96, 95% CI = 1.92, 2.00, P < .01).(24) 
In the aforementioned study of athletic trainers frorp. 1995 to 1997, the rate of 
concussions in women was 1.14 injuries per 1 00 player-seasons.(22) According to data 
from the NCAA ISS, women in college had a rate of0.41 concussions per 1000 A-E 
(95% CI = 0.38, 0.44) from the 1988-89 season through the 2Q03-04 season.(19) In the 
aforementioned study of the 2005--:-06 season, high school women were shown to have a 
rate of 0.09 concussions per 1000 A-E in practice and 0.97 concussions per 1000 A-E in 
games (0.36 concussions per 1000 A-E overall). In college, female soccer players 
experienced 0.25_concussions per 1000 A-E in practice and 2.80 concussions per 1000 A-
E in games (0.63 concussions per 1000 A-E overall}.(24) Concussions accounted for 
11.4% of the injuries experienced by women during games and 2.4% of all the injuries 
experienced during practice.(33) Like men, women were significantly more likely to 
experience concussions in games as opposed to practice (Injury PR = 16.7, p < 0.01).(34) 
As with men, con~ussions in female soccer players typically occur as a result of 
collisions while heading the ball (36.7%). Women experienced fewer concussions as a 
result of contact with another .person (58.3%, Injury PR = 1.46, 95% CI = 1.45, 1.48, P < 
.01 ). On the other hand, women experienced more concussions than men as a result of 
contact with the ground (22.6% and 6.0% respectively, Injury PR = 3.77, 95% CI = 3.56, 
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4.00, P < .01) and contact with the soccer ball (18.3% and 8.2% respectively, Injury PR = 
3.68, 95% CI = 3A5, 3.92, P < .01).(24) 
_There appear to be differences in the rate ofrecovery:from concl}ssion between 
high school and collegiate athletes. College athletes, despite experiencing a higher rate of 
loss of consciousness, recovered by the third day post-concussion. Interestingly, an 
athlete's self-report of post-concussion symptoms may not be associated with return to 
baseline performance on neuropsychologic testing, as most high school athletes reported 
recovery by the fifth day post-concussion, but experienced neuropsychological deficits _ 
seven days following injury.(13) 
Prevention. In soccer, rule changes may be in order because there is a specific 
mechanism of injury associated with concussion, especially in adults. As concussions 
typically occurred in both men and women as a result of contact while heading the ball, 
limiting this type of contact may be appropriate.(l 0) 
There ·are various types of headgear proposed to limit the effect of concussion in 
soccer athletes. While there have been non-randomized studies of the effect of headgear · 
on head injuries in soccer, there have not been analytic studies looking specifically at the 
role of headgear on concussion rate or severity.(50, 56) This remains a potential area of 
interest. 
I.A.3.i. Skiing/Snowboarding 
Participation. Between 1994 and 2007, approximately 155,000 men and 132,000 
women participated in organized skiing in high school. An additional17,000 men and 
15,000 women skied in college during that time.(21) Annually, approximately 580 
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women participate in college skiing.(5) However, the majority of skiers and 
snowboarders are taking part recreationally, not as part of an organized sport. 
Injuries. An estimated 15-20% ofthe approximately 600,000 annually reported · 
skiing and snowboarding injuries are head injuries:(57) Most of these head injuries 
. . 
occurred early in the season and were Inild traumatic brain injuries (TBI) (69.4%) as 
opposed to severe TBI based on Glascow Coma Scale.(58) Concussions represent 9.6% 
of all injuries in skiers, 14.7% of all injuries in snowboarders, and 5.7% of all injuries in 
snowbladers.(59) A comparison of skiers and snowboarders found that both have similar 
rates ofhead injury (0.005 and 0.004 per 1000 participants, respectiv~ly), but skiers had a 
greater proportion of concussions ( 60% versus 21% ), while snowboarders had a much 
higher proportion of severe brain injuries (29% versus 15%).(60) 
Additionally, there is evidence that more male than female skiers tend to be 
injured as a result of collisions with trees, whereas more female than male skiers tend to 
be mjlired as a result of collisions with other skiers.(58, 59) Male skiers are more likely to 
sustain a head injury than female skiers (OR= 2.23).(58, 59) 
Prevention. Observational studies have found that 12.1% of US skiers wear 
helmets.(61) However, at the Saint Anthony Central Hospital (Denver, CO) Level I 
trauma center from 1982 through -1998, only 3 of the total 1,214 patients admitted for all 
ski-related injuries were wearing a helmet.( 58) Several studies convincingly show 
helmets· reduce risk of concussion by up to 60%.(57, 62-64) 
I.A.3.j. Volleyball 
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Participation. Between 1994 and~007, approximately 540~000 men and 5.4 
million women played volley ball in high school, with another 15,000 men and 182,5 00 
women playing volleyball in college.(21) 
Injuries. A study of athletic trainers from 1995 to 1997 found that high school 
volleyball players had a concussion rate of 0.14 injuries per 100 player-seasons.(22) Data 
reported to the NCAA ISS found that college volleyball athletes had a concussion rate of 
0.09 per 1000 A :E (95% CI = 0.07, 0.10) from the 1988-89 season through the 2003-04 
season.(19) One study reported that concussions account for 1 ,3% of all injuries reported 
in volleyball players during practices and 4.1% of those reported during games. In the 
same study, volleyball athletes were at a 3.8 times greater risk of sustaining a concussion 
during a game than a practice session.(33) 
I.A.3.k. Wrestling 
Participation. Like hockey, wrestling has relatively low participation in 
comparison to the number of concussions sustained by wrestlers. Approximately 6.2 
million men and 46,000 women wrestled in high school, and 175,000 additional men in 
college, from the fall of 1982 through the spring of 2008.(21) Annually, there is an 
average of approximately 239,000 male and 1,700 female high school wrestlers, and 
6, 700 male college wrestlers.(5) 
Injuries. High school wrestlers accounted for the greatest number of direct 
injuries in all winter sports.(5) 
High school athletic trainers from 1995 to 1997 reporte9- a concussion rate of 1.58 
injuries per-100 player-seasons.(22) A study ofhigh school athletic trainers from the 
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2005-06 season found that concussions occurred at a rate of 0.13 concu~sions per 1 OQO 
A-E in practice, as compared to 0.32 per 1000 A-E concussions in games (0.18 per 1000 
A-E overall).(24) The NCAA ISS determined that college wrestlers experienced 0.25 
concussions per 1000 A-E (95% CI = 0.22, 0.27) from 1988-89 through 2003-04.(19) In 
2005-06, collegiate data was further arialyzed and wrestlers were found to have 
experienced 0.35 concussion per J 000 A-E in.practice and 1.00 concussions per 1000 A-
E in games (0.42 concussions per 1000 A-E, overall).(24) Concussions accounted for 
. 6.6% of all ·injuries that occurred during matches and 4.5% of those injuries that were 
reported during practice.(33) 
In wrestling, takedowns were the most common cause of concussions ( 42.6%) 
and were more likely to lead to a concussion than other wrestling maneuvers (7.6% 
versus 4.5%, Injury PR = 1.69, 95% CI = 1.61 , 1.78, P < .01). The majority of these 
concussions occurred as result of contact with another person (60.1 %) while the 
remainder occurred as a result of contact with the ground (26.9%).(24) 
I.A.4. DISCUSSION 
The rate of concussion has been increasing steadily over the past two decades. 
This trend is likely due to improvement in the detection of concussion, but may also 
reflect an increase in the true number of concussive impacts occurring. As athletes get 
bigger, stronger, and faster, it is logicalthat the forces associated with their collisions 
would also increase in magnitude. It is important to realize that there is currently no 
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effective headgear that prevents concussions so, as the number of forceful collisions 
increase, .the number of concussions woUld be expected to increase. 
In general, athletes tend to have a higher risk of concussion in competition as 
compared to practice. However, given the higher frequency ofpractices compared to 
games, and the resulting total number of concussions occurring in practice, one way to 
quickly and drastically reduce a sport' s concussion risk would be to limit unnecessary 
contact in practice. The majority of concussions in high school athletes resulted from 
participation in football, followed by girls' soccer, boys' soccer, and girls' basketball. 
Within a given sport, females tend to .report higher rates of concussion than males. 
· Within comparable sports, evidence indicates that female athletes may be at a greater risk 
of concussions than male athletes.(65) The evidence also indicates that, in general, 
concussions result in cognitive impairment in females more frequently than in males.( 66) 
These variations may be due to biomechanical differences, such as differences in body 
mass, head mass, or neck strength. They may also be explained by cultural differences, 
such as reluctance among males to report injury, and physiologic differences, including 
hormones . 
. Although mouthguards have been shown to be effective in preventing dental and 
oro-facial injury, there is currently no evidt;nce that standard or fitted mouthguards 
decrease the rate or severity of concussions m athletes.(29) The bulk of the. evidence 
indicating a potential protective effect of mouthguards on concussion incidence has been 
based on a limited case series studies and retrospective, non-randomized cross-seCtional 
surveys.( 50) There is also evidence that mouthguard use does not result in any difference 
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in neurocognitive test performance following concussion.(67) In sports such as hockey, 
there is no evidence that visors play a protective role in preventing or mitigating 
concussions.( 50-53) 
Several studies have provided bion;techanical evidence of the reduction of impact 
forces to the brain due to the use of specific headgear or helmets. However, in the 
majority of sports, these results have not translated into observed differences in rate or 
j 
severity of concussion. For some sports in which contact with hard surfaces is possible, 
such as skiing, snowboarding, and cycling, there is evidence that helmets greatly reduce 
the incidence of head injuries in general; therefore, helmets are an important part of 
injury prevention and should be recommended in these sports.(68-71) 
One complicating factor associated with helmet use is that of risk compensation. 
In many cases, protective equipment can lead to a false sense of security, resulting in a 
more dangerous style ofplay.(72) Often, the helmet itself may be used to initiate contact. 
This tendency to promote a more reckless style of play may help explain the higher rate 
of injury in children -and adolescents, as compared to adults.(73) 
In general, there are simple things that can be done to reduce the incidence of 
concussion in sports. Pre-participation examinations should be mandatory. -If a physician 
or coach has questions about an athlete's readiness to compete, the athlete's safety sh0uld 
- not be risked. At this session, or at a stand-alone meeting, concussion education should 
be afforded all athletes, especially for those competing in a collision or contact sport. 
Proper strength and conditioning, especially focused on strengthening the muscles of the 
neck, is a suitable way to limit the forces experienced by the head. Properly trained 
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coaches, athletic trainers, and medical staff are on the front line in concussion education, 
diagnosis, and management, and are key to reducing the incidence and severity of 
v concussions. Finally, quality officiating can help to identify potentially dangerous 
situations and ensure the activity does not result in injury. 
I.A.5. CONCLUSION 
Concussions and head impacts may never be completely eliminated from sports. 
However, with better data comes an improved understanding ofthe types of actions and 
activities that typically result in concussions. With this knowledge can come improved 
techniques and rule changes to minimize the rate and severity of concussions in sports~ 
This paper identifies the factors that affect concussion rate and outlines the role that 
equipment plays in minimizing the incidence of concussion. 
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I.B. LONG TERM EFFECTS OF BRAIN IMP ACTS 
Although the catastrophic brain injuries once commonplace in sport are no longer 
as frequent, the past decade has seen increasing. focus on the impacts that remain, as these 
appear to have hitherto unknown consequences. Once considered transient injuries, most 
concussions take days or weeks to fully resolve. For some, however, these concussions 
can have serious, long-term effects. This chapter, adapted from work written by the 
author and accepted for publication in Physical Medicine and Rehabilitation, exarllines 
the extended consequences of these brain impacts, from delayed symptom resolution, to 
effects on developmental trajectory, and neurodegenerative disease.(74) 
Prolonged symptoms resulting from concussion can sometimes last for months or 
. even years, leading to significant physical, emotional, and cognitive stress. Additionally, 
in youth, months of symptoms can keep students out of the classroom and strain 
friendships. There is also some evidence that prior concussion may result in symptoms 
of mood or conduct disorders years later. In adults, delayed symptom resolution may 
result in additional financial and social burden as well. Head impacts have also been 
. implicated inihe development of degenerative disease decades later. 
. . 
Although once coilside!ed benign, exposure to head impacts can have long-term · 
·consequences, sometimes years or decades later. As understanding of these risks, and 
their potentially debilitating consequences, improves, the need for better means of 
quantifying these injuries is highlighted. -
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I.B.l. ABSTRACT 
Each year in the United States, approximately 1.7 million people are diagnosed 
with a traumatic brain injury (TBI); an estimated 75% of these injuries are classified as ·· 
mild TBis (mTBI) or concussions. The symptoms of such injuries include a variety of 
somatic, cognitive, and behavioral deficits. While these symptoms typically resolve in a 
matter of weeks, both children and adults may suffer from Post-Concussion Syndrome 
(PCS) for months or longer. Suffering from PCS-related symptoms for an extended time 
may delay an individual's return to work, adversely affect one's quality oflife, and result 
in additional social and economic costs. Though a consensus has not been reached on the 
~ 
cause oflong-term PCS, it is likely that biological, physiological, psychological, and 
social elements all play a role in symptom persistence. Additionally, persistent PCS may 
adversely affect one's developmental trajectory. The enduring effects of head impacts are 
not limited to PCS-related effects, however. A progressive tauopathy, chronic traumatic 
encephalopathy (CTE) is believed to stem from repeated brain trauma. While CTE was 
originally associated withboxing, it has recently been found in other cases of repetitive 
head injury including former football and hockey players, and professional wrestlers. In 
addition to this observed pathology, repetitive brain trauma is also associated with 
Alzheimer's-like dementia, Parkinsonism, and motor neuron disease including 
Aniyotrophic Lateral Sclerosis (ALS). With these significant long-term effects of head 
injuries, there is a clear need to develop effective diagnoses, treatments, and education 
plans to reduce future burden and incidence. 
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l.B.2. INTRODUCTION 
In the United States, approximately 1;7 million people sustain a traumatic brain 
· injury (TBI) annually; these injuries account for L365 million emergency room visits and 
- . 
275,000 hospitalizations each year.(6) The majority of these TBis are minor, with 75% 
oftheseinjuries classified as mild TBis (mTBI) or concussions.(75) These numbers 
may, however, vastly underestimate the total · incidence of concussion, as many 
individuals suffering from mild or moderate TBI do not seek medical advice, especially 
in the 81-92% of cases when the concussion is not accompanied by loss of 
consciousness.(2, 6, 8, 76) Beyond the burden of the injury itself, these TBis have 
significant direct and indirect economic consequences, estimated at over $60 billion 
annually in the United States alone.(?) 
A concussion is a brain injury caused by a force transmitted to the head from a 
direct or indirect contact with the head, face, neck, or elsewhere, which results either in a 
collision between the brain and skull or in a strain on the neural tissue ·and vasculature.(9, 
77) This impact or strain is believed to cause the symptoms of concussion through a 
cascade characterized by abrupt neuronal depolarization, release of excitatory 
neurotransmitters, ionic shifts, alt~red glucose metabolism and cerebral blood flow, and 
impaired axonal function~(77) Although these ~juries are known to cause short-term 
deficits, the long-term effects of this neuropathologic cascade are less defmed.-(78-83) 
Clinica.lly, the acute signs and symptoms of a concussion are similar. in children 
and adults and can include physical signs (e.g., loss of consciousness, amnesia), 
behavioral changes (e.g., irritability), cognitive impairment (e.g., slowed reaction times), 
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sleep disturbances (e.g., drowsiness), somatic symptoms (e.g., headaches), cognitive 
symptoms (e.g., feeling "in a fog"), and/or emotional symptom's (e.g., emotional 
lability).(! 0) These deficits are observed in the absence of structural brain damage in 
diagnostic MRI. (84, 85) While the vast majority of these symptom_s resolve 
spontaneously, many others maylinger.(78) Additionally, no two concussions have the 
same presentation or identical outcomes.(86) 
The specific mechanism underlying neural tissue damage, however, appears to be . 
different in the adult versus the developing brain.(87, 88) While severe TBI has been 
shown to have both serious and long-term consequences on personality, mood, and 
cognition, the precise effect of concussions on development has yet to be fully 
elucidated.(89-95) Furthermore, immature neural tissue differs from mature tissue in 
response to injury, both in terms of plasticity and in terms of altered developmental 
trajectory.(96) The structure of the brain, in relation to the skull and its musculature, is 
also dissimilar in adults and children, leading to different biomechanics and thus different 
injury profiles.(21, 97) As a result, different presentations and outcomes would be 
expected in response to a con~ussion experienced in youth as compared to one 
experienced as an adult. 
l.B.3. LONG TERM EFFECTS OF POST CONCUSSION SYNDROME 
The symptoms of a concussion may take some time to resolve, resulting in 
significant long-term burden. When the symptoms ofconcussion persist as a variety of 
cognitive, somatic, and behavioral changes, these lingering deficits comprise Post-
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Concussion Syndrome (PCS).(85, 98-100) PCS is defined by the International 
Classification of Diseases, lOth Revision (ICD-10) as the occurrence within one month of 
injury of at least 3 ofthe 8 symptom categories listed in Table I.B.l.(lOl) The 
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV-R) 
requires the presence of symptoms in at least 3 of 6 categories for at least 3 months after 
injury in addition to evidence of neuropsychological dysfunction, as outlined in Table I.B 
2.(102) WhetherPCS is experienced-following an mTBI appears to be dependant on a 
combination of factors, including premorbid vulnerability, postinjury psychological 
adjustment, and postinjury changes in brain function.(103) While most of these 
symptoms typically resolve within a few days or weeks following mTBI or other head 
injury, some individuals suffer from PCS 'for months or longer and, although studies 
remain conflicting, it is believed that as many as 15% of people with a history ofmTBI 
still suffer from deficits one year after injury.(85, 104, 105) 
Adults with PCS often initially present with physical symptoms such as dizziness 
and headache in the first weeks following injury, with psychosocial symptoms such as 
depression and irritability first appearing up to a month later.(l 06) These findings mimic 
. . . 
those of rodent models, which have reported both impaired learning and depressive-like 
behavior in mice following mTBI, perhaps mediated by apoptotic cell death.(107-109) 
. Additionally, single and repeated concussions in adults have been shown to be correlated 
with cognitive deficits months following the injury.(llO) Executive functioning 
impairment also appears to persist, with adults who had experienced an m TBI six mpnths 
prior found to have significantly decreased information processing speed.(lll) At one 
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year post-injury, the most common symptoms appear to be a combination of the physical, 
the psychosocial, and the cogrutive, with reports of headaches, dizziness, disturbanc~s of 
senses, light and noise sensitivity, and various psychiatric symptoms, includi11g 
depression, anxiety, coping issues, and psychosocial disability.(ll2, 113) Additionally, 
studies have suggested that women are more likely to develop PCS, both in terms of more 
symptoms reported and a longer duration ofimpairment.(114Y 
Some adults continue to show motor deficits, functional deficits, and persistent 
depressive symptoms over one year post-injury.(115-117) The data here is conflicting, 
however, with other studies indicating that neuropsychological deficits appear to resolve 
by one year post-injury. However, these latter studies tend to include all individuals who 
had been exposed to any mTBI rather than just those who experienced PCS symptoms; as 
a result, the sample is overly dilute and the resulting lack of association is not 
surprising.(118-121) 
Interestingly, several studies have looked at how beliefs regarding expected 
outcome in response to brain injury might influence an individual's risk of developing 
PCS. One study found that individuals who had suffered an mTBI and who indicated that 
they believed their symptoms would have serious negative consequences on their lives 
were significantly more likely to experience PCS at three months following the injury. In 
fact, these beliefs regarding the perceived severity at the time of injury were more 
predictive of PCS symptoms at three months than were the total niunber of PCS 
symptoms reported immediately following the injury.(112) Another study evaluating 
attitudes surrounding· injury recovery found that self-ratings ofPCS symptoms were 
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positively related to emotion-focused coping strategies and negatively related to problem-
focused coping in adults who had experienced an mTBI.(122) These findings suggest 
that one's attitudes can influence the extent to which a concussion has long-term, 
persistent effects. 
Although PCS is considered to be fully recoverable with proper treatment, 
suffering from PCS-related symptoms for an extended time may delay an individual's 
return to work, adversely affect one's quality of life, and result in additional social and 
economic costs.(85, 98, 112) The deficits caused by these symptoms may also have an 
indirect long-term effect by exacerbating a pre-existing depression or impairing the 
ability to adequately cope with stress.(123-125) Additionally, there is some evidence that 
concussions result in chronic motor and neuropsychological changes over three <}.ecades 
following injury;(126) however, these fmdings may be due to an early stage 
neurodegenerative disease associated with concussion as discussed below. 
While studies and diagnostic · criteria ofPCS initially reported dissimilar 
. symptoms for adult and pediatric populations, it is now acknowledged that children and 
.YOung adults report a PCS that is similar to adults and may suffer from the same 
behavioral, emotional, and somatic difficulties following mTBI.(103, 127) Many of 
these initial studies of youth concussions focused on athletes, as they tend to be at 
increased risk of experiencing concussions.(2) Although college football athletes report a 
higher incidence of concussion than high school athletes, it has been reported that high 
school athletes take longer to recover based on neuropsychological testing.(13) This 
fmding of increased youth susceptibility to PCS has been extended to other sports and 
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activities, and is perhaps explained by the fact that the frontal lobes do not fully develop 
until late adolescence.(! I 0) Rodent models have also suggested that the immature brain 
is more susceptible than the adult brain to apoptosis following mTBI.(128, 129) In fact, 
one prospective cohort study found that age at the time of injury and extent of 
extracranial injury were the two strongest independent predictors of functional outcome 
at six months post-injury.(130) ·Even in young adults well enough to emoll and continue 
in college, there is evidence that PCS symptoms may last for years, and that there may be 
gender differences in PCS resolution with women reporting more lingering mood and 
anxiety symptoms.(131) 
Children differ significantly from adults and adolescents, not only in size, but also 
biomechanically, pathophysiologically, neurobehaviou:rally, and developmentally.(96) 
Because the developing brain is more plastic than the mature brain, younger age at the 
time of injury was originally thought to have a beneficial effect on recovery and expected 
outcome.(132) However, current literature indicates that this is not the case; the 
developing brain appears, in fact, to be more vulnerable to diffuse brain injury. 
Traumatic injury to the immature brain results in a prolonged period of pathogenesis in 
both cortical and subcortical structures, leading to progressive neurodegeneration, 
hyperactivity, and sustained cognitive impairments.(133, 134) 
Although early studies showeq either a small or no effect of head injuries on the 
developmg brain, many of these studies had flawed designs; less than half of the 56 
studies reviewed by Satz and. colleagues from 1970 through 1998 met even four of the six 
following recommendations for methodologically sound studies: (1) the inclusion of 
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control groups (either with no injury or with other body injury); (2) the use _of a 
longitudmal design wi~h follow-up assessment post-injury; (3) a clear definition of mild 
injury, without the inclusion of children with more severe injuries; ( 4) the inclusion of at 
least 20 children with mTBI; (5) the use of standardized tests to measure outcomes; and 
(6) controls for pre-injury risk factors.(l35, 136) 
The most methodologically sol:md studies have found that children report worse 
cognitive symptoms over one year after concussion than adults. These deficits are first 
reported months after the original injury and affect the child's school work or abilities to 
function at home.(137) Children aged 6-12 years with mTBI have impaired executive 
functioning and attention one year post-injury as compared to non.,.injured controls.(138) 
An m TBI may also cause linguistic changes which adversely impact Verbal I Q and· 
expressive language. Interestingly, although these deficiencies improved by six months 
post injury, no additional improvement was observed between six and 24 months.(139) 
In such cases where symptoms persist, PCS may adversely affect a child's conduct and 
personality, and can lead to extended school absence and limitations on athletic play. In 
fact, one study reported that children who showed greater PCS symptoms displayed 
worse overall adjustment as compared to children with fewer PCS symptoms.(103) It has 
also been suggested that individuals with higher cognitive ability have better outcomes 
following head injury because they may be -able to recruit alternate and additional neural 
substrates to compensate for tissue damage.(13 7, 140, 141) 
Although animal models have elucidated the general pathophysiology responsible 
for acute concussive symptoms, the underlying cause of sustained PCS remains a matter 
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of debate. However, several pathologic mechanisms have been proposed. Some make the 
pathophysiological case that a contributing factor for sustained PCS is the microstructural 
damage ofthe brain from head injury. Given that the acute injury causes the 
aforementioned pathophysiologic cascade, it is not unlikely that some of the resulting 
microstructural damage can persist in some cases and result in the persisting symptoms of 
PCS sometimes observed.(98) However, as mentioned above with mTBl in adults, the 
correlation between increased risk of sustained PCS in children with ?egative coping 
strategies or beliefs about their m TBI symptoms indicate that there may also be a 
psychopathological cause to this long-term PCS.(112, 122) 
This matter is further complicated by various methodological shortcomings in 
mTBI and PCS research.(142) These limitations may include retrospective, cross-
sectional designs, a lack of appropriate control groups, and a failure to separate different 
degrees ofPCS.(103 , 106) Additionally; studies rely heavily on the self-report of post-
concussive symptoms by patients; this has a history of being llllieliable, and studies show 
that a patient' s self-report may be the result of simple malingering, an involvement in 
· litigation, or recall biases such as the "good old days" bias, the idea that individuals who 
sustain an injury often underestimate problems pre-injury.(85, 143) Finally, while PCS is 
an acknowledged condition, there is a disagreement between ICD-10 and DSM-IV 
diagnostic criteria; this disagreement emphasizes the confusion overthe underlying cause 
of long-term PCS. While the ICD-10 criteria classifies PCS as symptoms without 
ne_uropsychological impairment and focuses instead on pre-morbid conditions and post-
injury psychological adjustment, the DSM-IV criteria does require this 
. . . 
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neuropsychological impairment and seems to assume that PCS and related symptoms are 
at least partially caused by an underlying brain trauma.(144) The variability in diagnostic 
criteria, and the assumptions about PCS that this variation implies, result in different 
incidence estimates and limited diagnostic agreement when dealing with PCS 
patients.(145) 
The enduring effects of PCS appear to be a com_bimition of the biological, the 
physiological, ·the psychological, and the social. For both the pediatric and adult 
population, future research that incorporates genetics, advanced neuroimaging, refmed . 
cognitive and postconcussive symptom measures, and social environment research can 
help to achieve an integrated "biopsychosocial" model that may aid in the management of 
long-term PCS.(144) This, along with effective education and rehabilitation of patients, 
will work to reduce the incidence and burden oflong-term PCS in TBI patients. 
l.B.4. EFFECTS OF BRAIN TRAUMA ON BEHAVIOR 
Having sustained a previous concussion may alter a child's long-term 
developmental trajectory years after the symptoms ofPCS subside. Studies ofPCS 
typically only follow children for up to one year post-injury, potentially'before the full 
effects of the injury have manifested themselves. As a result, these studies are unable to 
measure the extent of the long-term detrimental effects of an m TBI on the developing 
brain. To properly evaluate the long-term consequences of youth concussion, studies 
must examine C()gnitively mature individuals who previously experienced a concussion in 
their youth.(146) 
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Because the prefrontal cortex is one of the last brain structures to mature, it is not 
surprising that parents report attention deficits, hyperactivity, or conduct disorder 
following a head injury to their child.(127) Additionally, it has been shown that the 
number of long term neurobehavioral symptoms in children is related to the severity of 
the initial mTBI as well as the child's neuropsychological functioning, academic 
performance, emotional adjustment, and adaptive functioning.(103, 147) 
The majority of previous studies examining the effects ofbrain injuries on 
development years after the injury have focused on more severe injuries.(148-151) 
However, these studies of moderate and severe TBI suggest a specific window oftirne 
during which the brain may be more vulnerable to injury; TBI experienced in middle 
· childhood and later appears to be less detrimental than injuries sustained earlier.(152-
157) 
One cohort study of 490 children who experienced an mTBI before age 14 and 
who had no prior history of psychiatric illness found that these children were 
significantly more likely to have psychiatric issues in the three years following injury 
than were uninjured controls. Tl}e children most commonly presented with attentional 
problems in the first year following injury. However, there was no difference observed in 
. children who had already had prior history of psychiatric illness in the year preceding the 
injury;(158) 
These studies are complicated by the fact that the children more likely to 
experience concussions were also more likely to have undiagnosed psychiatric issues. To 
circumvent this issue, some studies have utilized detailed retrospective questionnaires to 
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assess pre-injury psychiatric status. One prospective longitudinal study found that 
children who experienced an m TBI requiring hospitalization before age 1 0 displayed 
increased hyperactivity/inattention and conduct disorder between the ages of 10 to 13 
compared to children who had not experienced an mTBI, as rated both by their mothers 
and their teachers.(155) This cohort has been followed through age 16, and these issues 
have been shown to persist.(! 59) However, these children did not display any deficits in 
intelligence or academic skills. Additionally, children whose injuries did not require 
hospitalization showed no differences from control children without a history ofmTBI. 
. Although there were differences observed in hyperactivity/inattention and conduct 
disorder based on age at the time of injury (those injured between 0-5 years old and those 
injured between 5-10 years old), these differences were not statistically sigriificant.(155) 
A later study confirmed these findings and also reported that children injured in pre-
school had progressively worsening parent and teacher ratings of 
hyperactivity/inattention and conduct disorder when followed longitudinally from age 7-
13 years.(146) Another study of 45 adults, with an average age at injury of 8.9 years 
(standard deviation of 3.3), found that those who experienced post traumatic amnesia for 
at least 30 minutes had statistically significant decreases in ineasures of attention and 
memory over two 'decades later.(160) These attentional findings are not surprising as the 
prefrontal cortex does notfully develop until late adolescence. Additionally, these 
deficits were not observed in individuals injured as adults.(l61) 
The effects ofmTBI on children does not always end with the resolution ofPCS, 
but may have long term effects on cognitive processing, mood and behavior. These 
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delayed behavioral impairments suggest the need for continued monitoring and 
intervention in children, even years after initial concussion. 
I.B.S. NEUROLOGIC RECOVERY FOLLOWING RBT 
Following a concussion, the absolute contraindications to return to a contact! 
collision practice or competition sport include: 
a. Abnormal neurological assessment 
b. Symptomatic of post concussion signs/symptoms at rest or exertion 
c. If done, neuropsychological battery not baseline or above 
d. If done head CT or MRI shows a lesion placing the athlete at increased risk of 
head injury (edema, hemorrhage, hydrocephalus, cavum septum pellicidum, 
arachnoid cyst) 
The relative contraindications to return to collision practice or competition 
include: 
a. Post concussion symptoms symptoms that last many months and not days 
b. Mild or indirect blows (whiplash) that produce significant and lengthy post 
concussion symptoms. 
Thus there are absolute and relative indicators for retirement. Neither are 
based on a particular number of concussions, but rather on the athlete's 
response, including_duration of_symptoms and ease ofbeing concussed. 
Keeping in mind the increased vulnerability of the developing brain, it is 
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·suggested that one might be even more conservative in the under f8 age group 
as compared with adults.(162) 
I.B.6. NEURODEGENERATIVE DISEASE FOLLOWING RBT 
Brain trauma has long been thought to play a role in initiating or accelerating the 
molecular cascade involved in several degenerative diseases, including Alzheimer's 
disease (AD), Parkinson's disease (PD), and Amyotrophic Lateral Sclerosis (ALS).(163-
165)· Additionally, repetitive head impacts have been implicated as the primary risk 
factor for developing the progressive neurodegenerative disease Chronic Traumatic 
Encephalopathy (CTE), as well as the motor neliron disease variant of CTE (CTE-
MND).(166, 167) 
Alzheimer's Disease 
Several epidemiological studies have found a relationship between head trauma 
and AD in later life.(168-174) However, all of these studies based their analyses on a 
clinical diagnosis ofpossible or probable AD. Without neuropathologic confirmation of 
disease, it is possible that other neurodegenerative diseases, such as CTE, were in fact 
partially or fully responsible for the observed clinical dementia.(175) However, one 
retrospective study found that individuals with a history of TBI had a higher than 
expected prevalence of AD pathology observed at autopsy.(176) This result could in part 
be explained by the fact that beta.,amyloid precursor protein (APP) is shown to 
temporarily accumulate in response to acute TBI in genetically susceptible mice; the 
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cleavage of APP results in the beta-amyloid. (A~) characteristic of AD.(177, 178) More 
research is certainly needed, both to elucidate the relationship between AD and mTBI, 
. . . 
and to disambuguate potential cases of CTE from clinically diagnosed cases of probable 
·and possible AD. 
Parkinson 's Disease 
TBI has also been implicated as a risk factor for PD.(164, 179) While the nature 
ofthe relationship is poorly understood, animal models suggest that TBI results in alpha- · 
synuclein deposition, a protein shown to be the primary building block of the Lewy 
bodies in PD.(178, 180, 181) However, neither animal models nor human studies have 
conclusively shown a relationship between concussions and the development of PD. 
Chronic Traumatic Encephalopathy 
CTE is a progressive neurodegenerative tauopathy caused by repeated head 
impacts. Because repeated impacts are thought to be necessary to initiate the disease 
process, CTE is typically found in those at high risk for experiencing repetitive head 
trauma, including athletes, those with exposure to injury due to military service or 
' occupation, and individuals who exhibit seizures and/or head-banging }?ehavior.(166, 
175) In fact, CTE was initially named dementia pugilistica due to its association with the 
repetitive head trauma experienced by boxers in the ring. 
However, head trauma alone is not sufficient to initiate the neuropathologic 
cascade of CTE. There are many potential risk factors that likely play a role in 
determining which individuals develop CTE and which individuals do not, given similar 
- 47 -
head trauma histories. There is some evidence that the APOE E4 allele may be 
associated with CTE development.(166) Additionally, the relationship between the 
development of CTE and the number or severity of head injuries is not yet clear, as some 
athletes diagnosed with CTE had no reported concussion history despite a history of 
repetitive head impacts. Additionally, the age at which an individual begins experiencing 
head injury, and the time interval between concussions, may play a role in the 
development of CTE. 
Although the disease process likely starts at the time of injury, the initial signs of 
CTE do not typically manifest until decades later. Therefore, the time course for the 
presentation of CTE symptoms distinguish it_ from the cumulative effects of multiple 
injuries or a form of prolonged PCS. CTE can only be diagnosed post-mortem at this 
time, and as such the precise clinical presentation and the cascade of events preceding it 
are not yet known.(182) However, CTE is believed to be characterized clinically by a 
progressive decline of memory and executive functioning; mood and behavioral 
disturbances that include depression, apathy, impulsivity, anger, irritability, suicidal 
behavior, and aggressiveness; gait changes that. resemble Parkinsonism; and, eventually, 
progression to dementia. Once this disease process is initiated, the neurodegeneration 
typically progresses slowly, with a mean survival duration of 18 years following the onset 
ofsymptoms.(166~ 183-185) 
Neuropathologically, CTE is characterized by a distinctive pattern of extensive 
tau-immunoreactive inclusions scattered throughout the cerebral cortex in a patchy~ 
superficial distribution, with focal epicenters at the depths of sulci and around the 
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· cerebral vasculature; extensive tau-inimunoreactive inclusions in limbic and paralirnbic 
regions as well as brainstem nuclei; and a relative absence of A~ deposits. On gross 
examination, CTE is characterized by generalized atrophy and enlarged ventricles, 
specific atrophy ofthefrontal and medial temporal lobes, degenerations of white matter 
fiber bundles, cavum septum pellucidum often with fenestrations, thinning of the 
hypothalamic floor, and shrinkage ofthe mammillary bodies.(166) 
Although CTE may have similarities with AD, they are two quite distinct 
diseases. Clinically, CTE typically presents with age of onset in the 40s and 50s as 
opposed to onset after age 65 in sporadic AD. Additionally, the clinical progression of 
disease is much slower, often lasting decades, and is characterized by a subtle 
deterioration in personality and behavior.(166) Neuropathologically, both diseases share 
tau immunoreactivity, but the widespread distribution of neurofibrillary and glial tangles 
in the frontal, insular and temporal cortices, white matter, diencephalon, brainstem and 
spinal cord is considerably more extensive in CTE than in AD. Furthermore, the pattern 
of the neurofibrillary abnormalities is entirely distinct from AD or any_ other tauopathy, 
especially when considering the absence oftheneliritic A~ deposits characteristic of 
AD.(166, 186) However, additional research is needed to better understand the 
mechanism underlying these changes. 
Motor Neuron Disease 
Although genetic mutations have been identified that cause ALS, 90-95% of ALS 
cases are sporadic.(187, 188) Many risk factors have been identified as possibly 
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contributing to these sporadic cases, but trauma specifically has been implicated as a risk -
factor which may initiate the molecular cascades resulting in ALS.(165, 189) In one 
case-control study, researchers found .that injuries that had occurred in the previous 10 
years had the strongest association with diagnosis of ALS.(165) Another case-control 
study also found that risk ofALS increased when the last head injury occurred closer to -
the time of diagnosis.(190) However, other studies have disputed this association.(191) 
On the whole, these fmdings suggest that head injury may play a role in triggering the 
onset of motor neuron disease. 
Motor neurons in sporadic ALS are often found with TDP-43 imml.moreactive 
inclusion bodies that appear either as rounded pyaline inclusions or as skein-like 
inclusions; as a result, TDP-43 has been implicated in the pathogenesis of motor neuron 
disease.(192, 193) Widespread TDP-43 positive inclusions have also been found in the 
. vast majority of cases of CTE, and are typically found in the brainstem, basal ganglia, 
diencephalon, medial temporal lobe, frontal, temporal, and insular cortices, and 
subcortical white matter. A subset of individuals with CTE also develop a progressive 
motor neuron disease characterized by profound weakness, atrop~y, spasticity and 
fasciculations. In these individuals, both tau neurofibrillary pathology and extensive 
TDP-43 immunoreactive inclusions and neurites were found in the motor cortex of the 
brain and in the spinal cord in a distribution not characteristic of sporadic ALS.(167) 
Although these initial findings merit furtherinvestigation, the co-occurence of 
widespread TDP-43 and tau proteinopathie~ in CTE suggests that repetitive head injury 
might be associated with the deposition of two abnormally phosphorylated, misfolded 
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proteins, and that in some individuals, the TDP-43 proteinopathy is associated with the 
development of a motor neuron disease. 
I.B.7. DISCUSSION 
As a result of these potential long-term consequences, both the incidence and the 
severity of youth head impact must be reduced. There are several approaches worth 
evaluating towards this end. 
One potential solution involves the development and introduction of better 
equipment (e.g. helmets and mouth guards) that are specifically designed to attenuate the 
forces associated with concussions. However, although helmets have been shown to 
decrease the incidence of facial injury as well as moderate arid severe TBI, and mouth 
guards help protect against dental and orofacial injury, there has been no evidence to date 
that the newest equipment reduces the incidence of concussi_ons or severity of concussion 
symptoms.(l) 
Additionally, when newequipment requirements are introduced into a sport, 
oftentimes athletes' behavior changes, resulting in a riskier style ofplay reflecting their 
increased feeling of protection.(72) In some cases, this has been associated with a 
paradoxical increase in concussion incidence within an activity.(54) 
A potentially more fruitful approach would be to limit an athlete's exposure to the 
. . 
impacts that might result in concussion. This could be accomplished through several 
means, such as decreasing the number of contact practices an athlete participates in each 
week; practice alone is responsible for up to 1500 impacts of 1 Og or more for some 
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· football players.(194) Ivy League colleges have taken the lead and recently began 
implementing this policy and others will hopefully follow suit. Additionally, sport 
specific rule changes might help reduce the frequency of unnecessary and dangerous 
collisions, thereby decreasing athletic concussion burden. 
In most instances, when concussions are properly treated, they are not believed to 
be associated with any long term sequelae. Ensuring that individuals receive proper 
medical care, and are given adequate physical and mental rest during recovery, should 
ensure that these-injuries fully heal. Adopting uniform return to play guidelines, such as 
those discussed above, would help ensure athletes are not permitted to play too soon. 
Along these lines, proper education of athletes, coaches, medical professionals, 
and the general public is necessary to identify and properly treat concussions . . There are 
many organizations, such as the Centers for Disease Control (CDC), the Brain Injury 
Association (BIA) and the Sports ~egacy Institute (SLI) working to improve concussion 
awareness and educational outreach. 
I.B.8. CONCLUSION 
While most concussions fully resolve within weeks of the injury, for some these 
concussions can have serious, long-term effects. Concussed individuals can sometimes 
experience prolonged PCS, lasting for months or even years, which can result in 
significant physical, emotional, and cognitive stress. · Additionally, in children and young 
adults, months ofPCS can adversely affect one's developmental trajectory by keeping 
students out of class and straining personal relationships. In adults, suffering from PCS 
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for an extended period of time may delay one's ability to return to work, resulting in an 
additional fmancial and social burden on the concussed individual. 
Once the symptoms of concussion subside, in some cases, a prior concussion may 
also have a lasting effect on behavior. · These .issues are more common in children as 
those who have been concussed are more likely to have symptoms of mood or conduct 
disorders reported by parents and teachers years after injury. Although these findings 
may in part be due to undiagnosed mood or conduct disorders in ch.ildren, wh.ich resulted 
in original injury, the fact that the prefrontal cortex has not fully developed in these 
injured ch.ildren provides an additional explanation of aberrant behavior. 
Additionally, .head impacts have been shown to increase risk of developing 
degenerative disease, sometimes even decades after the injury. There is a good deal of 
·' 
epidemiologic evidence linking a h.istory of head injury with the development of AD, 
supported by evidence from animal models in response to acute head injury, but 
additional work is necessary to separate clinically diagnosed AD from other dementias. 
TBI has also been linked to PD through transient increases in alpha-:synuclein resulting in 
an increase in the formation of Lewy bodies. However, the strongest evidence for a 
direct link between repetitive brain injury and neurodegenerative disease later in life 
comes from the study of CTE. Originally found in boxers, CTE has been diagnosed in a 
wide variety of individuals, all of whom had been exposed to repetitive head injury, be it 
J . 
through participation in athletics, military service, occupational hazards, or some other 
cause. While the tau diagnostic of CTE may begin to aggregate and form inclusions as 
early as in the second decade, the first clinical signs of CTE are not typically observed 
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until one's 30s or 40s. CTE presents with cognitive deficits, depression, and behay'ioral 
disinhibition, and eventually progresses to full-blown dementia. 
Although concussions were once considered relatively benig1;1, mounting evidence 
indicates that concussions can have long-term consequences, sometimes for years or even 
decades after the injury: Improved understanding of the _risks associated with 
concussions, and their potentially debilitating consequences, highlights the need for better 
,concussion diagnosis,, treatment and prevention. 
54 -
Table I.B.l. The.ICD-10 Diagnosis ofPost Concussion Syndrome. 
History of head trauma with loss of consciousness precedes symptom onset by maximum 
of4 weeks 
Three or more symptom categories: 
o Headache, dizziness, malaise, fat~gue, noise intolerance 
o Irritability, depression, anxiety, emotional lability . 
o Subjective concentration, memory, or intellectual difficulties without 
neuropsychological evidence of marked impairment 
o Insomnia 
o Reduced alcohol intolerance 
Pre-occupation with above symptoms and fear of brain damage with hypochondriacal 
concern and adoption of sick role 
Data From: World Health Organization: The ICD-10 Classification ofMental and 
Behavioural Disorders: Diagnostic Criteria for Research. Geneva, World Health 
Organization, 1993 
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Table I.B.2. The DMS-IV Diagnosis of Post Concussion Syndrome 
A history ofhead trauma that has caused significant cerebral coricussioir(e.g. with loss of 
consciousness, post-traumatic arru1esia or seizures) 
Neuropsychological evidence of difficulty in attention or memory 
·Three or more symptoms that last at least 3 months and have an onset shortly after head 
trauma or represent substantial worsening of previous symptoms: 
o Fatigue 
o Disordered sleep 
o Headache 
o Dizziness 
o Irritability or aggression with little or no. provocation 
o Anxiety, depression or affect lability 
o Chariges in personality 
o Apathy or lack of-spontaneity 
The symptoms result in significant impairment in daily functioning that reflects a decline 
from previous level 
Data from: American Psychiatric Association: Diagnostic and Statistical Manual of 
> 
Mental Disorders, Fourth Edition. Washington, DC, American Psychiatric Association, 
1994 
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I.C. THE CLINICAL AND PATHOLOGICAL DIAGNOSIS OF CTE 
One of the most significant potential consequences of exposure to head impacts is 
the increased risk of developing CTE, which is the focus of the third chapter. To best 
study the nature of the link between impacts and disease, a detailed understanding of the . 
clinical manifestation and pathologic basis of CTE is necessary. 
The only known .risk factor for developing CTE is head injury. All cases of 
diagnosed CTE to date have had significant histories of single TBI, or repetitive head 
impacts . . As such, CTE is thought to be caused, at least in part, by repeated head impacts, 
which includes concussive injuries and subconcussive collisions. However, it is unclear 
. whether injury is necessary to cause this disease process, as there have been cases of 
diagnosed CTE in individuals exposed to repetitive head impacts; but not necessarily to 
symptomatic brain trauma. It is unclear to what extent these cases represent new 
understanding about the nature of the impacts that can cause CTE, as opposed to cases of 
undiagnosed concussion. 
In addition to clinical and pathologic changes, the potential for biomarkers to 
change alongside CTE warrants special focus. Specifically, as these biomarkers are 
identified, they can be related to measures of athletic exposure to more quickly advance 
.understanding of how additional exposuremetrics increase one's risk of developing 
disease. To this end, protein markers in plasma and CSF, imaging modalities including 
MRI, DTI, MRS, and SWI, and PET lig~ds, are particularly promising. 
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I.C.l. ABSTRACT 
Chronic Traumatic Encephalopathy (CTE) is a neurodegenerative disease 
resulting, in part, from head impacts. Originally found in boxers, CTE has been 
diagnosed in a wide variety of individuals, all of whom had been exposed to head 
impacts, be it through participation in athletics, military. service, occupational hazards, or 
. . 
some other cause. While the hyperphophorylated tau.diagnostic of CTE may be found as 
early as in the second decade, the first clinical signs of CTEare not typically observed 
until one's 30s or 40s. Clinically, CTE presents with cognitive deficits, mood changes, 
and behavioral disinhibition, and is believed to eventually progress to dementia. There is 
increasing evidence that CTE may have. two clinicalpresentations, a finding reported in 
initial case studies of CTE, but only recently systematically characterized. Animal 
models of CTE are under development, as well as in vivo diagnostic tools through clinical 
assessment and analysis of biomarkers. These potential diagnostic tools are evaluated, 
along with future promising directions for study. 
I.C.2. INTRODUCTION 
Mechanical head impacts can result in primary and secondary injuries to the brain 
resulting in clinical symptoms.(195) At the lowest level of clinically observed injury, 
- mild traun'latic brain injury (mTBI), or concussion, is associated acutely with a variety of 
symptoms ranging from brief alterations in mental status to a more persistent set of 
somatic, cognitive and affective symptoms termed post-concussion syndrome (PCS).(74, 
145, 196) Repetitive head impacts, which may or may not rise to the level ofmTBI, are 
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associated with a progressive neurodegenerative disease, Chronic Traumatic 
Encephalopathy (CTE), which leads to cognitive decline, as well as alterations in 
behavior and mood. CTE is a unique tauopathy only diagnosable by post-mortem 
examination of neural tissue.(74, 167, 197, 198) All individuals ever diagnosed with 
CTE have had some history of head impacts. 
To date, there have been no studies ofthe incidence or prevalence of CTE. 
· However, the Institute of Medicine has examined several epidemiologic studies of 
dementia in individuals exposed to TBI with loss of consciousness, and has argued that 
there is sufficient evidence oflink between the two (168, 174, 199-201). Additional 
neuropathologic analysis is necessary to ascertain the underlying pathology resulting in 
the observed dementia, but these studies support the association between. head impacts 
and degenerative disease. Although som~ _suggest a link between head injuries and 
degenerative disease including Alzheimer's disease (AD), Parkinson's disease (PD), and 
Amyotrophic Lateral Sclerosis (ALS), head injuries are principally associated with the 
development ofCTE. (74, 163-167) 
All individuals ever diagnosed with CTE have had some history of head impacts. 
Because these athletes regularly sustain repeated head impacts, CTE is typically found in 
those at high risk for experiencing these collisions, including athletes, those with 
exposure to injury due to military service · or occupation, and individuals who exhibit 
seizures and/or head-banging behavior.{l66, 175, 197, 198, 202) This association 
between repetitive head injury and CTE has been well documented;· initially, CTE was 
referred to as "punch drunk.,, due to its strong association with boxers, particularly in 
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slugging boxers who took significant head punishment,as part of their fighting style.(202, 
203) Later described as dementia pugilistica, again due to its strong association with 
. boxers, the more general term CTE was first coined in 1949 by MacDonald Critchley 
following the description of disease in other mdividuals exposed to head impacts. -(197, 
204-206) CTE has been recognized as neuropathologically distinct from other 
neuropathologies since the 1970s, but the specific neuroanatomic distribution of 
pathology has only recently been systematically identified.(l66, 197,202, 207) 
In addition to boxers, CTE has been identified in other individuals who 
experienced repeated head impacts, including from sports (e.g. American football 
players, soccer players,_ hockey players, jockeys), from occupation (e.g., professional 
wrestlers, a circus clown who was repeatedly shot out of a cannon), and from other 
sources (e.g. military servicemen, victims of physical abuse, epileptic self-injurers )(166, 
182, 197, 202, 208-217). 
The common denominator between all individuals diagnosed with CTE is a 
history of head impacts. To date, all pathologically diagnosed cases of CTE have come 
from individuals with a history of head impacts, often repetitive in nature.(166, 197) Of 
note, not all individuals diagnosed with CTE were known to have experienced mTBI, 
suggesting that acute neurologic symptoms at the time of collision may not be necessary 
for the pathogenesis of CTE.(166, 182, 197, 217) 
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I.C.3. PATHOLOGY OF CTE 
. . 
Like AD and most other neurodegenerative diseases, CTE can currently only be 
diagnosed postmortem.(198, 217) However, unlike these other diseases, there are 
currently no widely used clinical diagnostic criteria, nor biomarkers of disease, that can 
be used to aid in diagnosis.(217) As a result, CTEremains, principally, a disease defmed 
by its neuropathologic features. Recently, the largest study of pathologically confirmed 
CTE was published, in which it was argued that CTE progressed through four distinct 
stages with increasing disease severity.(197) Studies such as these have greatly improved 
understanding of CTE pathology. 
I.C.3.a. Gross Pathologic Features 
The gross pathologic features of CTE are typically characterized as generalized 
·atrophy and enlarged ventricles, specific atrophy of the frontal and medial temporal 
lobes, degenerations of white matter fiber bundles, often with fenestrations, thinning of 
the hypothalamic floor, and shrinkage ofthe mammillary bodies.(166, 167) However, · 
these changes begin gradually and become more apparent with advanced stage CTE. The 
·gross neuropathological features and brain weights are typically unremarkable in stage I 
CTE, save for mild enlargement of the lateral ventricles.(197) By stage IT, although there 
. is no evidence of cerebral atrophy, there is increased, mild enlargement of the frontal 
hom of the lateral ventricles or third ventricle in the majority of cases, along with a small 
c~vum septum pellucidum in some case.s. In some cases, there is also pallor of the locus 
coeruleus and substantia nigra, as well as gliosis :;md atrophy of the mammillary 
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bodies.(197) By stage III, most cases will show mild cerebral atrophy with dilation of the 
lateral and third ventricles. Septal abnormalities become more. common and range from 
cavum septum, septal perforations or complete absence ofthe septum. The majority of 
cases show moderate depigmentation of the locus coeruleus, and many show mild 
depigmentation of the substantia nigra. Other common gross pathological features of 
stage III CTE are atrophy of the mammillary bodies and thalamus, sharply convex 
contour of the medial thalamus, thinning of the hypothalamic floor, and thinning of the 
corpus callosum.(197) In stage IV CTE, gross changes include mild to severe atrophy of 
the frontal, temporal, parietal, and occipital cortices and white matter, and marked 
atrophy of the medial temporal lobe, thalamus, hypothalamus, and mammillary bodies. 
Most brains now show moderate to severe dilatation of the lateral and third ventricles 
with a sharply concave contour of the third ventricle, cavum septum pellucid urn ranging 
in size from 0.5-1.0 em, and septal perforations or septal absence. Severe pallor ofthe 
locus coeruleus and moderate pallor of the substantia nigra is near universal.(197) 
I.C.3.b. Microscopic Pathology 
Distribution of hyperphosphorylated tau 
Microscopically, CTE has been characterized by the accumulation of 
hyperphosphorylated tau protein (ptau) as neurofibrillary tangles (NFTs) and astrocytic 
tangles throughout the brain.(74, 166, 167, 175, 182, 197, 198, 202, 207-211, 217, 218). 
Perivascular multifocal ptau pathology in the depths of cortical sulci is a unique feature 
of CTE not found in any other tauopathy or neurodegeneration; including AD. The 
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progression of ptau pathology in CTE occurs in a predictable sequence of severity that 
has recently been divided into four stages.(197, 198) 
Stage I CTE is notable for focal, perivascular ptau NFTs and glial tangles (GTs) 
at the sulcal depths of the cerebral cortex, most prominent in the sulcal depths and 
typically affecting superior and dorsolateral frontal cortices . . The cortex surrounding the 
epicenters is typically unremarkable save for rare isolated NFTs in supediciallaminae. 
NFTs are extremely rare in deep nuclei, hypothalamus, thalamus, brainstem or spinal 
cord.(197, 198) 
As the pathology advances to stage II, discrete epicenters of perivascular p-tau · 
NFTs and GTs are increasingly present at the sulcal depths, most commonly in the 
superior, dorsolateral, lateral, inferior, and subcallosal frontal , anterior, inferior and 
lateral temporal, inferior parietal, insular and septal cortices. The cortex surrounding 
these epicenters in no longer spared, as isolated NFTs are increasingly found in 
superficial layers of adjacent cortex, the nucleus basalis of Meynert, amygdala and locus 
coeruleus. Mild NFTs are pre-tangles are sometimes found in the hypothalamus, CAl of 
hippocampus, entorhinal cortex, thalamus, substantia .nigra, and dorsal and median raphe 
nuclei ofthe midbr~in.(197, 198) 
However, by stage III, the hippocampus, entorhinal cortex, amygdala, nucleus 
· basalis ofMeynert and locus coeruleus are densely packed with NFTs. NFTs are also 
widespread throughout superior frontal, dorsolateral frontal, inferior orbital, septal, 
insular, temporal poie, superior middle and inferior temporal, and inferior parietal 
cortices. NFTs are frequently found in olfactory bulbs, hypothalamus, mammillary 
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bodies, substantia nigra and dorsal and median raphe nuclei. Diffuse NFTs are 
sometimes present in Rolandic, cingulate cortices, thalamus, nucleus accumbens, dorsal 
motor nucleus of the vagus and spinal cord: In some cases, NFTs are found in globus 
pallidus and dentate nucleus of the cerebellum.(197, 198) 
In stage IV CTE, there are dense NFTs in widespread regions of the central 
nervous system (CNS), with prominent neuronal loss and glio_sis of the neocortex with an 
increasing ratio of GTs: NFTs. Hippocampal sclerosis affects CAl and subiculum, with 
prominent ptau pathology in astrocytes and often in oligodendroglia cells of the white 
matter. Severe ptau abnormalities are distributed throughout the cerebrum, diencephalon, 
basal ganglia, brainstem and spinal cord as well as in white matter tracts. The occipital 
lobe is relatively spared and shows only minor ptau pathology.(l97, 198) 
Although the specific pattern of tau degeneration in CTE is distinct from 
AD,(166) in a study by Trojanowski and colleagues examining specific tau isoforms and 
phosphorylation in CTE, they found that soluble and insoluble tau from CTE brains and 
AD brains are indistinguishable, that the six abnormally phosphorylated tau isoforms in 
CTE exhibit the same electrophoretic mobility pattern as paired helical filament tau (PHF 
tau) in the AD brain, and that the ratio oftau isoforms with four versus three MT binding 
repeats is ""1 in CTE, as in AD.(197, 198, 219) 
TDP-43 Distribution 
The majority of CTE cases also have TDP-43 abnormalities, with increasing 
pathology a marker of increasing CTE stage. Widespread deposition .of TDP-43 protein 
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as intraneuronal and intraglial inclusions and neurites is found in more than 80% of CTE 
cases.(167) The marked accumulation of pathological TDP-43 aggregates in advanced 
stages of CTE and the development of motor neuron disease in some individuals with 
CTE, suggest overlapping pathogenic mechanisms between CTE and FTLD.(167, 197, 
220, 221) 
In stage I CTE, the majority of cases have some scattered perivascular, subpial 
andperiventricular TDP-43 immunopositive neurites in the frontal subcortical white 
matter and fornix with increasing density ofTDP-43 inclusions, along with scattered 
inclusions in brainstem or medial temporal lobe, by stage II. In a subset of cases, severe 
TDP-43 abnormalities are found in the form of as neuronal and glial inclusions and 
neurites -in widespread regions of the CNS including the cerebral hemispheres, basal 
_ganglia, diencephalon, brainstem, anterior hom cells and white matter tracts of the spinal 
cord. In these cases, degeneration of lateral and ventral corticospinal tracts of the spinal 
cord, and marked loss of anterior hom cells from the spinal cord are also typically · found. 
This subset-is consistent with the diagnosis of CTE with motor neuron disease ( CTE-
MND).(197) 
In stage III CTE, TDP-43 immunoreactive neurites have spread beyond the 
cerebral cortex, to the medial temporal lobe or brainstem of most cases. Widespread, _ 
more severe TDP-43 neuronal and glial inclusions and neurites remain consistent with 
CTE-MND.(197) 
By stage IV CTE, TDP-43 immunoreactivity is a near universal feature and 
severe in most, consisting of denseTDP-43 positive rounded and threadlike neurites, 
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mtraglial and intraneuronal inclusions in cerebral cortex, medial temporal lobe, 
. diencephalon, basal ganglia, brainstem, and less frequently, spinal cord. In the most 
severely affected cases, there are dense cortical TDP-43 ·inclusions and neurites in all 
neocortical layers, particularly layer II, as well as occasional TDP-43-positive inclusions 
in the dentate fascia ofthe hippocampus.(197) 
The fact that TDP-43 immunoreactivity is often found early in the CTE disease 
course, and serves as a marker of disease progression, suggests a common pathway 
between the repetitive head injuries that initiate the tauopathy of CTE, and the 
aggregation ofTDP-43. (167, 182, 222) Overexpression ofTDP-43 has been associated 
with neurodegeneration and cell death, perhaps due to its propensity towards aggregation, 
which has been shown to happen following experimental axotomy in spinal motor 
neurons in murine models.(182, 196, 223-226) TDP-43 plays a critical role in mediating 
the response of the neuronal cytoskeleton to axonal injury and, as a result, these injuries 
may accelerate TDP-43 accumulation, aggregation, and dislocation to the cytoplasm, 
thereby erihancing its neurotoxicity.(182, 197, 227) 
Axonal Damage 
In addition to ptau and TDP-43 pathology; axonal injury is present at all stages 
of CTE and appears to progress with. stage ·of CTR (166, 197, 228) This is unsurprising, 
.as axonal injury is also a universal feature ofTBI (229-231). In the earliest stage of 
disease, phosphorylated neurofilament immunohistochemistry shows scattered distorted 
axonal varicosities in perivascular frontal cortex, subcortical white matter~ and deep 
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white matter tracts of the diencephalon. These ptau immunoreactive distorted axonal 
varicosities spread to the temporal cortices by Stage II. By stage III, severe .axonal loss 
and distorted axonalprofiles is present in the subcortical white matter, particularly 
. . . 
affecting the frontal and temporal cortices. In the final stage of CTE, profound axonal 
loss with frequent distorted axonal profiles are present in the subcortical white 
matter.(197) 
Inflammation 
Neuroinflammation, in the form of striking astrocytosis and activated microgliosis 
of the white matter, is a consistent featUre ofboth CTE andTBI.(195, 228) Large 
clusters of microglia have been reported in subcortical white matter underlying focal tau 
pathology in cases of CTE, but not in unaffected brain regions distant from tau 
lesions.(228) Evidence of robust astrocytosis in CTE has also been reported.(228) 
Amyloid-P peptide 
CTE has been long defmed by the relative scarcity of amyloid-~ peptide (A~) 
deposits, distinguishingit from AD.(74, 166, 167, 175, 182, 197, 198,202, 207-211,218, 
228) Although A~ deposits are found in 40-50% of CTE cases, there is a significant 
diff~rence between this distribution and the extensive A~ deposits characteri.stic of 
.AD.(166, 167., 182, 197, 202) While neuritic plaques are a key feature in the diagnosis of 
AD, the rare A~ plaques in CTE are less dense and predominantly diffuse.(166, 167, 182, 
· 197) CTE subjects with AB neuritic plaques appear to be significantly older than those 
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without AB.(197) However, -AB does not appear to be involved in the pathologic 
manifestation of CTE, but it may play a role in the pathogenesis of disease subsequent to 
the head impact. 
Lewy Bodies 
Alpha-synuclein positive Lewy bodies (LB) are sometimes present in cases of 
CTE, although more typical in cases of CTE mixed with Parkinsop's disease, (PD), Lewy 
body disease (LBD), AD or another neuropathology.(166, 197) Evidence indicates that 
those with LB are significantly older than those without LB, suggesting that LBs are a 
result from later stage CTE, or age relatedpathology.(197) Accumulations of alpha-
synuclein in axons have also been reported in subjects who died after single severe TBI 
(222, 232). 
Mixed ~europathology 
CTE is associated with the development of other neurodegenerations, notably 
LBD, AD, Frontotemporal Lobar Degeneration (FTLD) and MND.(166, 197) In the 
most comprehensive study of pathologically confirmed CTE to date, co-existent LBD 
.· was reported in 16% of cases, MND in 12%, AD in 11%, and FTLD in 4%, suggesting 
that either repetitive trauma or the accumulation of ptau provokes the deposition of other 
abnormal proteins known to be involved in neurodegeneration.(197) Although it is well 
established that ptau pathology correlates with the severity of cognitive impairment in 
-
othertauopathies, such as AD, the contribution ofTDP-43 proteinopathy to sy mptoms of 
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CTE cannot be overlooked, especially in late stage disease.(l97, 233, 234) 
I.C.4. CLINICAL DIAGNOSIS OF CTE 
Existing case summaries have indicated a diverse and non-speCific constellation 
. of clinical features for CT?. Generally, CTE is has been clinically characterized by a 
progressive decline of memory and executive functioning; mood and behavioral 
disturbances that include depression, apathy, impulsivity, anger, irritability, suicidal 
behavior, and aggressiveness; gait changes that resemble Parkinsonism; and, eventually, 
progression to dementia.(166, 183-185, 197, 198) The clinical diagnosis ofCTE is 
complicated by the overlap in symptoms between CTE and prolonged post concussion 
syndrome (PCS). (74, 202, 217) 
Cognitive Impairment 
It is believed that repetitive head impacts result in ptau aggregation which, over· 
time, results in progressive cognitive decline.(183)The cognitive symptoms of CTE 
primarily include episodic memory impairment and executive dysfunction.(166, 197, . 
198) Although cognitive symptoms affect the majority of individUals with CTE, these 
symptoms often present later in the disease course.(l97, 198) These changes appear to 
begin later in the disease course, which coincides with the neuroanatomical·distribution . 
ofptau observed in CTE stages III and IV.' 
Behavioral and Mood Dysfunction 
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Mood and behavioral disturbances associated with CTE include depression, 
apathy, impulsivity, anger, irritability, suicidal behavior and aggressiveness.(166, 184, 
185, 197, 198) These issues are often the most disconcerting to family members and, as a 
result, are often the first reported.(198, 217) However, it is unclear whether these 
symptoms were actually the first to manifest, or whether changes in personality are 
simply more notable. Despite this potential confound, behavioral and mood symptoms 
appear to predominate the early disease course in a subset of individuals.(198) These 
changes are consistent with the ptau distribution found in the medial temporal lobe arid 
orbitofrontal regions.(182, 217) 
Motor Deficit 
In many cases of CTE, particularly in clinical case reports of boxers from the 20th 
century, there are reports of gait changes that resemble parkinsonism.(166) More 
recently, a motor neuron disease variant of CTE has been described pathologically; with 
the accumulation of TDP-43 immunopositive neurites, in approximately 10% of 
cases.(166, 197) Cliriically, these CTE-MND cases initially presented with symptoms of 
MND, developing mild cognitive and behavioral symptoms several years after the onset 
of motor weakness, atrophy and fasciculations.(166, 197) 
Clinical Progression of CTE 
Ptau birrden has beeli associated with clinical impairment in both demented and 
non-demented aging populations.(235-238) It is therefore unsurprising that ptau burden 
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in CTE may be associated with clinical severity, although this relationship has not yet 
been fully explored.(166, 182, 197, 217.). However, there appears to be sufficient 
evidence that, much like other neurodegenerative diseases, pathology advanced CTE 
stage is associated with increased clinical impairment.(l66, 182, 217) In early stage 
CTE, individuals are sometimes clinically normal, with asymptomatic presentation rare 
as pathology increases. 
In stage I CTE, reports of headache and loss of attention and concentration 
· appears to occur in the majority of cases, with short-term memory difficulties, aggressive 
tendencies, and depression also common. Other symptoms include difficulties with 
planning and organization and explosivity .(197, 198) 
In stage II, common presenting symptoms are depression or mood lability, 
explosivity, loss of attention and concentration, short-term memory loss and headache. 
Less common symptoms include executive dysfunction, impulsivity, suicidality, and 
language difficulties.(197, 198) 
In stage III, the most common presenting symptoms are memory loss, loss of 
attention and concentration, executive dysfunction,_ depression or mood swings, 
explosivity, visuospatial difficulties, and aggressive tendencies.(197, ·198) Less common 
symptoms include impulsivity, apathy, headaches, and suicidality.(197., 198) 
By stage IV CTE, executive dysfunction and memory loss predominate and 
dementia is common. Most individuals also exhibit profound loss of attention and 
concentration, executive dysfunction, language difficulties, explosivity, aggressive 
. tendencies, paranoia, depression, gait and visuospatial difficulties. Less common 
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symptoms include impulsivity, dysarthria and parkinsonism.(197, 198) 
Evidence for Two Clinical Presentations 
A recent case series of athletes with neuropathologically confirmed CTE suggests 
that there may be two distinct presentations of CTE: one that tends 'to present at a 
younger age with initial symptoms of behavioral (e.g., impulsivity, violence) and/or 
mood changes (e.g., depression, hopelessness), and another that typically manifests later 
in life with initial symptoms of cognitive impairment (e.g., episodic memory deficits, 
executive dysfunction).(198) 
Dementia in CTE 
Advanced stage CTE is associated with cognitive impairment, and dementia is a 
likely by Stage IV .(197, 198) The majority of subjects diagnosed with stage IV CTE, in 
. the absence of other neuropathology, were Clinically diagnosed with dementia during life · 
and would have met the core diagnostic criteria for AD Dementia of both the National 
Institute on Aging-Alzheimer's Association (NIA-AA) Workgroup and the National 
Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's 
Disease and Related Disorders Association (NINCDS-ADRDA).(198, 239, 240) 
Specifically~ individuals with CTE dementia exhibit functional impairment and cognitive 
and/or behavioral impairment in at least two domains. Therefore, it appears that the 
dementia resulting from AD and the dementia resulting from CTE are clinically 
similar .(198, 199) In addition, those with CTE dementia meet the specific criteria for AD . 
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dementia, including insidious onset, progressive course, and initial deficits in either 
episodic memory or a nonamnestic domain including language, visuospatial, or_executive 
functioning.(198) Additional work is necessary to identify the differences between the 
clinical presentation of CTE dementia and AD dementia, so as to increase the specificity 
of future clinical CTE diagnostic criteria. 
Differential Diagnosis of CTE 
Therefore; based on current clinical -understanding, CTE dementia may be 
mistaken for AD dementia or frontotemporal dementia (FTD).(175, -182) Additionally, 
early stage CTE shares symptoms with post concussion syndrome (PCS). The high 
prevalenc'e of motor deficits also results in overlap with other MNDs such as ALS. Each 
of these potential diseases deserves special focus in the differential diagnosis when 
evaluating an individual with suspected CTE. 
Post Concussion Syndrome 
Although CTE is thought to result from repeated head impacts, it is distinct from 
the prolonged recovery that sometimes results following mTBI, PCS.(182, 217) Because 
CTE is not simply the accumulation of immediate symptoms from multiple concussive 
. events, PCS is not thought to directly cause CTE pathology.(217) In fact, several cases 
of CTE have been identified with no known concussion history, suggesting that neither 
PCS nor mTBI is necessary for the devel_opment of CTE. However, it should be noted 
that these cases might simply reflect the disparity in reporting and diagnosis of CTE; 
these individuals may have experienced mTBI but never reported their injuries. 
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However, given that both CTE and PCS result directly from head impacts, have 
overlapping symptomology and the fact, in some cases, may overlap in onset and clinical 
. manifestation, differentiating between the two is of great clinical importance.(182, 202, 
217) 
There are, however, several key clinical differences between CTE and PCS, 
which are relevant to distinguishing between the two. First and foremost, the onset of 
disease in CTE is insidious, decades after the initiating impacts, whereas there should be 
a more clear impact acutely associated with the onset ofPCS.(182) Additionally, the 
symptoms ofPCS are thought to be static and gradually subside, whereas CTE is 
believed to be a progressive disease.(202) Finally, the presence of motor impairment is 
rare in PCS, but occurs in a significant subset of CTE cases, so the presence of such 
impairment would strongly suggest CTE over PCS.(167, 197) 
Alzheimer 's disease 
As the most common cause of dementia, AD should be high on any list of 
differential diagnoses in cases of suspected CTE. In early CTE, the differences are more 
distinct, symptoms of CTE often begin. decades before AD and may have a slower 
disease progression, although the data here are mixed.(182, 197, 198) As mentioned 
previously, AD dementia and CTE dementia may have similar presentations. However, 
despite these similarities, the majority of cases with pathologically confirmed CTE . 
. dementia, in the absence of AD pathology, were not diagnosed with AD dementia in 
life.(198) This fact suggests that some aspect of these cases, perhaps the history of 
exposure to head impacts, indicated to clinicians that these were not straightforward cases 
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of AD dementia .. Elucidating these exact differences is critical to further understanding, 
.~d diagnosing, CTE. 
Frontotemporal f)ementia 
FTLD, specifically with tau pathology, may be the most similar disease to CTE 
pathologically. These diseases share several features clinically as well.(182, 217) Like 
FTD, CTE usually begins with behavior and personality changes at mid-life, although 
clinical onset of these changes in CTE often precedes expected onset of FTD symptoms 
by a decade or more.(166, 197, 217) Unlike FTD, however, the clinical course of CTE 
appears to be slower but, again, the data here are conflicting. (197, 198) In addition, 
there appears to be a familial risk associated with FTD, but not with CTE.(198, 217) To 
date, all cases of CTE will have had a history of exposure to head impacts, whereas 
individuals with FTD do not typically have such a history.(217) 
Motor Neuron Disease 
A subset of CTE cases are associated with MND, making disambiguation between 
common forms ofMND and CTE a necessity.(167). As mentioned previously, the 
widespread TDP-43 proteinopa~hy found in more than80% of cases of CTE, involves the 
brainstem, basal ganglia, diencephalon, medial temporal lobe, frontal, temporal, and 
insular cortices, and subcortical ~bite matter in most cases, results in motor impairment 
rising to the levelofMND in approximately 12% ofCTE cases.(167, 197) Although 
ALS has, in some cases, been associated with TBI, any history of repetitive head injury 
With impairments in motor functioning should be considereq for CTE, especially if there 
is evidence of concurrent impairment in cognition, mood, or behavior. 
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I.C.S. ANIMAL MODELS OF CTE 
There have been several recent_animal models ofmTBI that may serve to 
elucidate the relationship between head impacts and development of CTE. One study 
first examined a case series of postmortem human brains from U.S. military veterans with 
blast exposure, brains from young-adult athletes with history ofmTBI, and age matched 
controls without history of blast exposure, mTBI, or neurological disease to establish the 
neuropathologic profile of CTE in military veterans as compared to youth athletes. After 
reporting no difference between tau neuropathology, neuroinflammation, and 
neurodegeneration in CTE associated with blast exposure and CTE resulting from athletic 
mTBI exposure, the researchers compared their fmdings to those from the brains ofwild-
type miCe two weeks after exposure to a single controlled blast. This murine model 
-revealed CTE:-linked neuropathologic changes, including tau protein-linked 
immi.moreactivity, persistent perivascular pathology, cortical and hippocampal 
neurodegeneration, myelinated axonopathy, chronic neuroinflammation with widespread 
astrocytosis and ffiicrogliosis, and phosphorylated tau proteinopathy.(228) 
These fmdings suggest that either a single blast injury, or single or multiple head 
impacts, may result in a common mechanism that can initiate the neuropathologic 
cascade resulting in CTE. However, NFTs were not found in the cortex or hippocampus 
in this murine model, which is a limitation of the applicability of this model to 
bumans.(228) This apparent discordance with human findings could be due to the fact 
that wild-type murine tau may aggregate differently than human tau, or that two weeks 
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might be too soon after injury to expect ptau. To test this hypothesis, a human tau 
transgenic (hTau) murine model, and a longer post injury period prior to neuropathologic 
examination, would be valuable. Additionally, factors such as genetic contributions, 
innate inflammatory response, age, gender, and nther factors with potential to affect CTE 
should be explored.(228) 
Another study examined the differences in cognitive impairment and pathology 
between mice exposed to single and repetitive mTBI. Using a closed head impact model, 
this study found short-term qehavioral abnormalities in mice exposed to a single mTBI, 
in the formoftransient deficits in motor function and spatial memory. Pathologically, 
these mice exhibited reactive astrocytosis and sparse amyloid precursor protein-
immunoreactive axonal pathology in the corpus callosum.(241) However, in mice who 
were exposed to five mTBis, each administered at 48 hour intervals over eight days, 
greater cognitive impairment, microglial activation, more widespread and marked 
reactive astrocytosis, and multifocal axonalpathology.(241) However, this model did 
display some macroscopic abnormalities not typically associated with CTE, specifically a · 
focal contusion injury on the inferior surface of the cerebellum in a subset of both 
exposure groups, indicating that the initial injury may have been greater than those · 
observed in typical athletics.(241) Again, no tau pathology was observed. 
Another study, however, utilized the aforementioned single and repeated closed 
head impact mouse model to examine the development of tau pathology in 18 month old 
hTau mice, which express wild-type human tau isoforms on a null murine tau 
background.(242) Although hTau mice unexposed to head impacts have tau pathology at 
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that age, a significant increase in ptau immunoreactivity was found in mice exposed to in 
response to repetitive mTBI, but not in mice exposed to a single mTBI. ·There was also 
an increase in inflammatory markers, including reactive gliosis and microglia activation, 
in the repetitive mTBI group, as compared to the single mTBI and control groups.(242) 
However, the characteristic perivascular tau pathology, neuritic threads, or astrocytic 
tangles associated with human CTE were not observed.(242) However,_this murine 
model serves as a proof of concept for the use of human tau expressing transgenics in 
advancing the understanding ofCTE. 
I.C.6. POTENTIAL MECHANISMS 
Although the precise pathological mechanisms that tie repetitive mild TBI and 
single TBI to abnormal protein acc_umulation and neurodegeneration are not known, 
multifocal axonal injury produced by the initial trauma and aggravated by subsequent 
traumatic injuries most likely plays an instrumental role. During acute traumatic brain 
injury, the brain and spinal cord undergo shear deformation producing a transient 
elongation that selectively injures axons, small blood vessels, and astrocytes.(231, 243) 
Unmyelinated axons are particularly vulnerable given their length and high 
axolemma:cytoplasm ratio. Traumatic axonal injury results in alterations in axolemmal 
permeability, ionic shifts including massive influx of calcium, and release of caspases 
and calpains that trigger the misfolding, truncation, phosphorylation and aggregation of 
many proteins, including tau and TDP-43, the breakdown of the microtubules and 
· neurofilaments, and disrupted axonal transport.(77, 231, 244-250) With increasing axonal 
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injury from repetitive mTBI -or moderate to severe axonal injury from single TBI, toxic 
ptau aggregates accumulate in cytoplasm where ~ey ·are misrouted into the 
somatodendritic compartmeht.(196, 251) Aggregates of misfolded ptau eventually 
overwhelm normal clearance mechanisms, allowing ptau to spread transynaptically and 
intemeuronally, involving protein templating mechanisms and extracellular cerebrospinal 
fluid clearance pathways.(251-253) In addition, acute TBI disrupts the microvasculature 
damaging the blood brainbarrier, educing an inflammatory cascade and 
micro hemorrhages leading to iron deposition and generation of free radicals, which 
exacerbates the axonopathy, microvascular disruption, and spread of toxic ptau 
. . . 
aggregates. (77, 244, 252, 254) Ptau aggregates also provoke the deposition of other 
toxic proteins, including AI3, andTDP-43, and ultimately, result in further neuronal and 
axonal loss and neurodegeneration.(167, 249) The mechanism by which an initial 
multifocal axonal neurodegeneration develops around small blood vessels or in the 
depths of cortical sulci is likely explained by the physics of shear deformation of the 
brain: stress and resultant axonal injury are greatest at the interface of two tissues with 
differing viscoelastic properties (such as between blood vessels and brain, or gray and 
white matter) and the depths of the sulci and immediate perivascular region are areas of 
stress concentration.(196, 255, 256) Furthermore, the local distribution of traumatic 
axonal injury to the subcortical white matter at the sulcal depths directly correlates with 
the distribution of ptau pathology in the overlying cortex.(197) 
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l.C.7. OTHER POTENTIAL RISK FACTORS FOR CTE 
Repetitive brain trauma is necessary but not suffiCient to initiate the 
neur~pathologic cascade of CTE. There are many potential factors that likely influence 
whether iridividuals develop CTE. Below are some of the most commonly considered. 
Apolipoprotein E 
Apolipoprotein E (ApoE) is the dominant apolipoprotein in the brain, primarily 
synthesized by astrocytes, although neurons and microglia also rriay contribute to its 
production.(196, 257) The APOE gene has three alleles, with the APOE E3 allele as the 
most common and the APOE E4 allele identified as the strongest susceptibility gene for 
AD; APOE E2 is protective for AD.(258, 259) After TBI, membrane lipids and ApoE-
immunoreactive plaques are often found in the brain, with an allele dose-dependent 
relationship between lipid density and APOE genotype.(260) Allelic variation in APOE 
in boxers and professional football players following single TBI has also been implicated 
in prolonged recovery time and lower cognitive performance.(261-263) As a result, there 
is sufficient evidence to warrant examination of APOE as a potential risk factor for the 
development of CTE subsequent to head impacts.(217) 
Several studies have reported higher than expected prevalence of APOE E4 
carriers and homozygotes in individuals with neuropathologically confirmed CTE, 
providing further evidence that APOE may be associated withCTE development.(166, 
197, 198) Specl.fically, there are significantly more APOE E4 homozygotes in the largest 
cohort of neuropathologically confirmed CTE, and in the largest cohort of 
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neuropathologically confirmed CTE, in the absence of other neurodegenerative 
disease.(197, 198) In fact, in the latter cohort, the prevalence is akin to that found in 
AD.(198) 
Gender 
Gender differences may play a role in the development of CTE. To date, the 
majority of neuropathologically cortfi~ed cases have been identified in men; however, 
this may simply be a result of the activities currelftly most closely associated with the 
development of CTE: contact sports and military service. Although the precise 
relationship between mTBI and CTE is currently unknown, women appear to be at 
greater risk for mTBI and PCS-related symptoms, as there is a higher incidence ofii?-TBI 
and PCS in women as compared to men, within a single activity .(2) These differences 
may be based on hormonal differences, issues of neck and musculature strength, or may 
simply be due to women being more forthcoming when reporting their symptoms.(2, 65, 
264) Any potential increased risk ofmTBI in women may influence risk.ofdeveloping 
CTE.(202) 
Cognitive Reserve 
The construct of cognitive reserve may also play a role in the development and 
clinical course of CTE. Specifically, in other neurodegenerative diseases such as AD, 
cognitive reserve has been suggested as protective against clinical manifestations of 
disease.(l41,265) Specifically, it has been argued occupational and educational 
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attainment can increase one's "reserve", providing an improved cognitive infrastructure 
more robust to pathology; as such, an individual with increased cognitive reserve may be 
more able to compensate for neuropathologic changes.(265) In diseases such as AD, this 
idea provides an explanation for individual differences in susceptibility to cognitive 
deficits despite similar degrees of neuropathological changes.(265) This idea has been 
recently extended to cognitive decline in older adults with a" history ofTBI, but has not 
yet been fully explored in CTE.(266) However, a recent study reported an asymptomatic 
· former professional football player with neuropathologically confirmed stage II 
CTE.(197, 198) This athlete had advanced graduate school degrees, and years of 
education is often considered a proxy for cognitive reserve.(198, 265) Therefore, it is 
possible that his high degree of cognitive reserve served to insulate him from the clinical 
manifestation of his underlying pathology . 
. I.C.8. BIOMARKERS OF CTE 
The lack of biomarkers for clinical diagnosis hampers the ability to detect and 
follow the clinical course of affected individuals. Additionally, without appropriate 
biomarkers, the ability to develop treatn;lent strategies is effectively halted as there is no 
way to monitor the effectiveness of any potential therapies or rehabilitative strategies. 
Without a method for clinical diagnosis, one cannot accurately determirie the true 
incidence and prevalence of CTE. 
·Cerebrospinal Fluid 
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One of the most promising potential biomarkers of CTE is analysis of 
cerebrospinal fluid (CSF) protein concentrations. Because CSF is in direct contact with 
neural tissue, it may provide an early indicator of CTE pathology, specifically in the form 
of tau and ptau, but potentiatly earlier indicators of axonal damage as well. Specifically, 
tau, ptau, and the ptau/amyloid-beta(l-42) ratio have been shown to be effective in the 
diagnosis, and preclinical diagnosis, of neurodegenerative diseases such as AD and 
FTLD.(267-277) However, there is some evidence that CSF tau may not be an early 
- marker of disease, and to truly diagnose CTE preclinically, another biomarker may need 
to be identified.(278) 
Blood 
Plasma provides another potential biomarker for CTE. Specifically, blood-brain 
barrier disruption subsequent to head injury may result in abnormal levels -of plasma 
protein. For example, astrocytic protein SlOOB has been shown to increase in blood 
acutely in response to head impacts.(279, 280) _.t.\lthough SlOOB is typically used as a 
marker for acute injury, the perivascular deposition ofptau characteristic ofCTE may 
" 
suggest a blood"'brain barrier disruption, suggesting that makers of;such disruption could 
provide an early diagnostic signature of CTE. 
· Magnetic Resonance Imaging . 
As mentioned previously, gross neuropathologic changes are oft~n observed in 
late stage CTE. As such, structural magnetic resonance imaging (MRI) may provide a 
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useful means of identifying these changes. Structural MRI has been shown to identify 
early pathologic changes in other diseases, including AD, FTD, and dementia with Lewy 
bodies (DLB).(281-284) Ks a result, it is likely that structUral MRI can detect the whole 
brain atrophy common in stages III and IV of CTE, as well as atrophy of specific areas of 
interest, such as the amygdala, present in stage III CTE, and cavum septum pellucidum 
found in earlier stages.(166, 217) Although preliminary, there is some evidence that 
structural MRI can detect atrophy· in former athletes with CTE-like symptoms.(285) 
Functional Magnetic Resonance Imaging 
Neuropathologic changes associated with CTE may result in observable 
functional deficits, potentially even before clinical symptoms manifest. Specifically, 
functional magnetic resonance imaging (fMRI) has been used to diagnose multiple 
neurodegenerative dis~ases including AD, FTD, and DLB.(282, 286, 287) In addition, 
recent s~dies have shown that repetitive head impacts sustained by high school football 
players are strongly associated with changes in ann-back fMRI task.(288, 289) Although 
these fmdings represent acute changes associated with head impacts, it is possible that 
they may provide assistance in identifying CTE as well.(217, 285) 
Diffusion Tensor Imaging 
Diffusion Tensor Imaging (DTI) is sensitive to diffuse axonal injury, an indicator 
- . 
ofTBI implicated in the pathogenesis of CTE.(196, 290, 291) As a result, it has been 
suggested that DTI may serve as an early marker of CTE.(217, 285) Preliminary 
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evidence has · indicated changes in fractional anisotropy in former professional athletes 
subjected to repetitive brain trauma, as compared to normal controls.(217) ·However, 
more rigorous analysis is needed to draw further conclusions from this data, especially 
given that these findings might represent structural changes unrelated to CTE. 
Magnetic Resonance Spectroscopy 
M().gnetic Resonance Spectroscopy (MRS) utilizes clinical MR scanners to non-
invasively measure in vivo brain biochemical metabolites, including N-acetyl-aspartate 
(NAA), creatine (Cr), choline (Cho ), glutamate and glutamine (Glx), and myo-inositol 
(mi).(292) Several studies have examined changes in these metabolites in response to 
single and repeated mTBI and found significant changes, which correlate with clinical 
symptoms.(292, 293) However, one pilot study suggests that there may be significant 
increases in Cho and Glx in former professional athletes with a history of repetitive brain 
trauma as compared to age-matched controls.(294) 
Susceptibility Weighted Imaging 
· Susceptibility Weighted Imaging (SWI) has been shown to reveal breakdown of 
the blood-brain barrier by detecting heme iron and has the ability to reveal even small 
venous microhemorrhages following TBI.(295) As discussed above, this disruption may 
initiate the neuropathologic cascade resulting in CTE pathology. As a result, SWI may 
prove a promising tool -in the diagnosis ofCTE. (217, 285) 
- 85 -
Positron Emission Tomography 
Positron emission tomography (PET) is a non-invasive diagnostic imaging 
modality using isotope-labeled molecular probes that bind to biomolecules with high 
specificity and affinity. A number of investigative PET ligands designed to target AB 
plaques in AD have advanced to various stages of clinical evaluations including [18F]-
FDDNP, [11 C]PIB, and [18 F] Florbetapir.(296 .. 298) However, most cases of CTE do 
not show substantial AB pathology; indeed, all cases of early stage CTE (stage I-II) to 
date have been AB negative.(197) 
However, there has been significant progress on PET ligands that target ptau. 
Specifically, one pilot study of 5 former professional football players suggested that 
[18F]-FDDNP might have utility in detection oftau.(299) However, at best, [18F]-
FDDNP provides non-specific identification of tau, notwithstanding some 
methodological concerns. On the other hand, a recently identified pair of ligands, [18F]-
T807 and [18F]-T808, have shown high binding affinity and good selectivity for ptau 
aggregates in vitro and ex vivo in rodent brains.(300, 301) Pilot PET scans ofliving 
human subjects with mild cognitive impairment or AD showed patterns of radiotracer 
accumulation correlated with cognitive impairment, mimicking the progression of ptau 
pathology in AD.(300) Given that ptau in CTE is biochemically identical to ptau in AD, 
_and CTE ptau and AD ptau consist of3 and 4 repeat tau, [F18]-T807 and [F18]-T808 are 
·very promising potential biomarkers ofCTE.(166, 197,219) 
Genotyping 
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Although no genes have currently been identified as risk factors for CTE; there 
exists the strong likelihood that there is a genetic component that influences the 
pathology of CTE. APOE was discussed above, but others are also of interest, including 
. MAPT, for its role in ptau in both AD and FTD, and TARDBP for its role in TDP-
43.(302-305) As additional genetic risk factors are identified, they will provide 
additional opportunity for biomarkers of CTE. 
l.C.9. DISCUSSION 
CTE is a neurodegenerative disease thought to be caused, at least in part, by 
repeated head impacts, which includes concussive injuries and subconcussive collisions. 
However, it is unclear whether trauma is necessary to cause this disease process, as there 
have been cases of diagnosed CTE in individuals exposed to repetitive head impacts, but 
not necessarily to symptomatic brain trauma. All cases of diagnosed CTE to date have 
had significant histories of single TBI, or repetitive head impacts. The source of these 
_impacts, however, has been diverse, suggesting that any repeated head impacts, 
regardless of solirce, are sufficient to initiate the neuropathologic cascade resulting in 
CTE. 
At this point CTE can only be diagnosed post mortem. Recently, CTE has been 
. categorized in four stages of pathology, and is believed to progress from one stage to the 
other. Early stage CTE is characterized by mild gross changes, with later stages 
progressing to generalized atrophy and enlarged ventricles, specific atrophy of the frontal 
and medial temporal lobes, degenerations of white matter fiber bundles, often with 
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fenestrations, thinning of the hypothalamic floor, and shrinkage of the mammillary 
bodies. CTE is neuropathologically characterized by aggregation and accumulation of 
hyperphosphorylated tau arid TDP,..43, with the relative absence of amyloid-beta. 
Microscopically, CTE has is defmed by the accumulation ofptau as NFTs and astrocytic 
tangles throughout the brain. Perivascular multifocal ptau pathology in the depths of 
cortical sulci is a unique feature of CTE, found throughout all stages of CTE, and not 
found in any other tauopathy or neurodegeneration. Eventually, in stage III and IV, this 
ptau appears to spread to the hippocampus, entorhinal cortex, amygdala, nucleus basalis 
of Meynert and locus coeruleus. 
Clinically, CTE is thought to result in executive dysfunction, memory 
impairment, depression and suicidality, apathy, poor impulse control, and eventually 
dementia. There is increasing evidence that there may be two distinct presentations of 
CTE, one presenting earlier with behavioral and mood symptoms, and another presenting 
later with cognitive symptoms. While the onset of both presentations is earlier than other 
neurodegenerative diseases, such as AD, earlier reports that the clinical disease course of 
CTE is longer than other diseases are less clear. Improved clinical diagnoses are 
necessary to eventual in vivo diagnosis of CTE. Without in vivo diagnostic criteria, the 
true -incidence of disease, effective prevention strategies, potential treatments, and cures, 
cannot be d~termined. 
In addition to clinical diagnostic criteria, the potential for biomarkers to 
supplement in vivo CTE diagnoses is quite promising. Protein markers may prove to 
identify early CTE in plasma and CSF. Additionally, several imaging modalities, 
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including MRI, DTI, MRS, and SWI may allow for direct assessment of changes 
associated with CTE and repeated head impacts. Finally, PET ligands may provide a 
direct measure of ptau burden in the brain. 
Beyond repetitive head impacts, the risk factors for CTE remain unknown. As a 
result, the most straightforward means of preventing CTE is to prevent these head 
impacts from occurring. However, several additional risk factors, such as genetics, 
gender, and low cognitive reserve, are promising and warrant further study. 
I.C.lO. CONCLUSION . 
Symptoms of CTE begin years or decades after exposure to head impacts and 
include a triad of cognitive, mood, and behavioral impairments. Neuropathologically 
distinct from other neurodegenerative diseases, CTE is characterized by · 
hyperphosphorylated tau and TDP-43 deposition. As with other neurodegenerative 
diseases, such as AD, CTE can only be diagnosed postmortem at this time. However, 
unlike AD, CTE research is in its infancy, and there are neither published and validated 
clinical diagnostic criteria nor biomarkers for the disease. 
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I.D. DETERMINING ATHLETIC EXPOSURE TO HEAD IMP ACTS IN 
FOOTBALL 
Mechanical head impacts may result in primary and secondary damage to the 
brain, even in the absence of clinical symptoms. Although the majority of scientific 
focus has been paid to symptomatic impacts, there have been many issues with 
documenting the effects of concussion, not limited to lack of athlete education about 
concussion symptoms, perceived societal pressures to mask concussion, and personal 
desire to compete athletically. As a result of these difficulties, novel means of diagnosing 
concussions and evaluating their risks have'been explored. In addition, these methods 
provide an opportunity to quantify impacts that would not be expected to result in 
symptoms, but which may have long term effects nonetheless. 
This chapter will examine the current methods utilized to assess magnitude and 
frequency of head impacts in football. There will be specific focus on the devices 
currently being used, their respective strengths and weaknesses, and the current models 
. being used to determine the neurologic effect of these factors. These types of studies are 
all the more important as they may provide an additional avenue for understanding the 
factors responsible for the development of CTE. 
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I.D.l. ABSTRACT 
F ootbali has been associated with head impacts since the first tackle took place in 
1869. The first iterations ofthe game were brutal, associated with unnecessary morbidity 
and mortality. As the rules of the game evolved, so did the nature of the impacts 
sustained by its players. Although the catastrophic brain injuries once commonplace are 
no longer as frequent, the past decade has seen increasing scientific focus on the impacts 
that remain in the game, as these appear to have hitherto unknown consequences. As 
such, precise measurements of the number andtypes of_ head impacts experienced by 
athletes have become of greater import. Helmet sensors are increasingly being utilized to 
quantify all collisions, across a number of measures. There are a variety of different 
. methods currently being used to quantify these collisions, each with advantages and 
disadvantage. Data from these novel sources are being used to characterize the types of 
- . 
impacts that result in acute symptoms, and to better understand their effects. Models also 
utilize these data to generate concussion risk curves, so that individuals who may have 
sustained a concussion can be identified. Additionally, given increasing evidence that all 
impacts may have consequences, regardless of whether they result in concussive 
symptoms, these systems provide means to quantify cumulative athletic exposure to head 
impacts. After quantifying this athletic exposure, several studies have explored utilizing 
these data in promising models to provide insight into the outcomes of these impacts. 
Future models should draw upon these studies to assess the l9ng term effects of these 
impacts, including the Chronic Traumatic Encephalopathy. 
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I.D.2. IDSTORY OF FOOTBALL HEAD IMPACTS 
The first recorded game of American football was played in 1869, between 
Princeton and Rutgers. In these early days, there were no uniforms, let alone helmets, as 
players played in street clothes.(306, 307) The primary intent of early football helmets, 
first reported in use during an Army-NaVy game in 1893, was to prevent catastrophic 
brain injury and the resultant morbidity and mortality, and were typically only worn by 
athletes who had experienced previous brain injuries.(!, 308) The 1905 season ended in 
protest against the brutality of play, and the Chicago Tribune published a list of injuries 
showing 18 deaths and 159 serious injuries.(306; 307) It was then that President 
Theodore Roosevelt met with representatives from Yale, Harvard, and Princeton 
. . 
universities to mandate rule changes to save the sport.(307) The president of the 
University of California made similar demands, and Columbia University abolished 
football altogether, a ban that would not be lifted for another decade. In response to the 
·.:.-·· ·· .... ,. .. , 
growing pressure, major rule changes were enacted in 1906 to eliminate the brutality of 
the sport and the risk of catastrophic injury for the player.(306) 
Even under this tremendous pressure to ensure player safety, at this time, th~ use 
of helmets was not mandated.( I) The helmets of this era, then nothing more than leather 
padding constantly evolved throughout the 1900s, and wer~ slowly phased out .as metal 
and plastic-s were added to provide additional protection. These basic helmets were 
eventually required for college play in 1939 and were mandated in 1940 for National 
Football League (NFL) athletes.(!, 308)In 1945, the requirement that passes be thrown 
from 5 yards behind _the line of scrimmage was eliminated, which allowed players to 
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initiate a pass from anywhere behind the line of scrimmage.(307) The basic leather 
helmet was also improved in the late 1940s with the use ofthe plastic shell helmet.(307) 
In the early 1950s, the game of football made further advances towards safety as the 
single-bar face mask was added to football helmets.(308) The helmet continued to 
evolve.in the early 1960s as the one-bar face mask was replaced by the two-bar 
design. (3 07) 
Despite these innovations throughout the early twentieth century, the incidence of 
head injuries continued to increase. Likely due to risk compensation resulting from 
improved helmets and full face m!lsks, players increasingly utilized their helmets as a 
weapon; initial contact was often made with the head.(1 , 307) As fatalities once again 
mounted, the dramatic increase in mortality and morbidity prompted the formation of the 
National Operating Committee on Stand~rds for Athletic Equipment (NOCSAE) in 1969 
· to initiate research efforts for head protection and to implement the first football helmet 
safety standards in 1973.(309) These initial NOCSAE guidelines, the framework of 
which are still in existence, were meant to develop a standard method for measuring a 
particular helmet' s ability to endure the annual repetitive impacts associated with football 
in conditions as varied as freezing cold, driv~g rain, heavy snow, or high heat and 
humidity.(1, 308, 31 0) 
However, because football collisions at that time were responsible for cerebral 
hematoma, cervical fractures, and death, the primary concern was the helmet' s response 
to the most acutely severe, linear acceleration-inducing impacts, rather than its response 
to the wide range and types of force that could result in concussion.(311-313) Although 
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this focus, along with rule changes, ultimately proved successful in decreasing the risk of 
· acute head injury, the hard-shelled helmet that resulted may not be best suited for 
protecting against the lower forces that aiso include a component of rotational 
acceleration, which are thought to cause most concussions.(!, 307, 314-316) 
I.D.3. ALL HEAD IMPACTS MATTER 
As catastrophic injuries have become increasingly rare in football, increased 
atte~tion has been paid to the risks associated with concussions, often referred to as mild 
traumatic brain injury (mTBI). Several major studies in the mid-2000s found an 
increased prevalence of cognitive problems and mood disorders in former NFL athletes 
who had sustained three or more concussions.(185, 317) Additionally, increased 
evidence suggested that concussions required more time to heal than previously thought, 
with dramatic risks associated with premature return to play .(86, 97, 162, 318) 
Despite this knowledge about the increasing importance of recognizing and 
treating concussions, a review of concussion management and return to play in the NFL 
from 1996-2001 showed that 50% of players returned to the same game after sustaining a 
concussion.(280, 314, 319) This low rate of treatment is unsurprising given disparate 
levels of concussion knowledge. Since the impairments in neurologic function due to 
concussion typically resolve spontaneously, many concussions are neither recognized by 
athletes nor observed by coaches or athletic trainers.(11-14) Additionally, this 
' ~ '· 
underreporting is further exacerbated because coaches, athletic trainers, and other sports 
medicine professionals are unaware, or ·simply do not practice, current concussion 
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assessment and management guidelines.(15, 16) To help educate these professionals on 
proper concussion identification and treatment, the Centers for Disease Control and 
Prevention (CDC) launched the Heads Up program, which includes educational materials 
aimed at youth coaches, high school coaches, parents; athletes, school administrators, and 
medical professionals. These resources have been shown to improve high school coaches' 
· knowledge regarding how to evaluate and properly manage concussions.(17, 18) In part 
due to increased awareness, the number of concussions reported to the National 
Collegiate Athletic Association (NCAA) through its Injury Surveillance System (ISS) 
showed an average annual increase of7.0% from the 1988-89 through 2003-04 seasons 
(P < ~01).(19) 
However, concussions may only represent a subset of the sequelae associated with 
head injuries. Specifically, the total number of head impacts sustained may affect an 
individual's cognition, mood, and behavior. Repetitive head impacts, which may or may 
net rise to the level ofmTBI, have been associated with a progressive neurodegenerative 
disease, Chronic Traumatic Encephalopathy (CTE). CTE is a unique tauopathy only 
diagnosable by post-mortem examination of neural tiss~e.(74, 167, 197, 198) All 
individuals ever diagnosed with CTE have had some history of head impacts, often 
athletes with high exposure to head impacts such as football players and hockey 
enforcers.(l66, 175, 197, 198, 202) This link between head impacts and CTE is 
especially alarming as the number of these collisions to the head has been estimated to be 
of the orders of hundreds per season.(280, 314, 319) As a result, categorizing the 
magnitude and frequency of head impacts, objectively, is important. 
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I.D.4. ANTHROPOMORPHIC TEST DEV,ICES 
Researchers have sought to quantify the biomechanics of head impacts and brain 
injury since the 1940s.(320) Many of these first studies sought to quantify the forces 
associated with collisions to better understand automotive accidents. One of the first 
attempts involved P.(321) Another study utilized animal models to detail the 
mechanisms of head injury resulting from linear and rotational acceleration with the goal 
ofhypothesizing the relationship between concussive symptoms and brain injury.(320, 
. 322) Another group dropped embalmed cadaver heads on the forehead onto hard, flat 
surfaces.(323) Based on the latterthe Wayn~ State Tolerance Curve (WSTC) was 
developed to provide a relationship between peak acceleration, pulse duration, and 
concussion onset, with skull fracture used as the criterion for determination of 
concussion.(323, 324) The final form of the WSTC combined results from a wide variety 
of pulse shapes, cadavers, animals, human volunteers, clinical research, and injury 
mechanisms. Skull fracture and/or concussion was used as the failure criterion.(324, 
325) The Gadd Severity Index (GSI) was calculated to fit the WSTC curve, with a value 
greater than 1000 considered to be dangerous to life. The GSI only evaluated average 
acceleration, so a modified form examining acceleration pulse was created, the Head 
Injury Criteria (HIC)~(324, 326) . 
More recently, another method has been used to quantify the nature of the head 
impacts to which-football players are exposed was through the use of anthropomorphic · 
test devices (ATDsr Specifically, impact events can be recorded and recreated in 
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experimental settings, where sensors can measure variables of interest. One of the first 
thorough studies of athletic impacts utilized A TDs in this manner to reconstruct collisions 
between NFL players;(327) To accurately model these collisions, videotapes of 
·concussions and significant head impacts were collected from NFL games betWeen 1996 
and 2001. Video clips that clearly indicated both the direction and the location of the 
head impacts were isolated in 182 cases. The speed was isolated in a subset of 31 cases 
using multiple camera angles. These cases were experimentally reconstructed using 
helmeted Hybrid III (Hill) ATD dummies matched for impact velocity, direction, and 
head kinematics. Concussion biomechanic variables, specifically translational and 
rotational accelerations, were measured.(327) Ofthe 31 impacts recreated, 25 were from 
athletes who had been subsequently diagnosed with concussion. From these 
reconstructed concussive and non-concussive impacts, injury risk curves were developed 
for mTBI, permitting calculation of injury metrics such as GSI and HIC. Specifically, 
this study found that the average linear acceleration associated with concussion was 98 ± 
27 g. (327) Because this was the first modern study of head impact biomechanics, many 
models have utilized this method to validate their study designs. 
Specifically, these Hill studies utilize ariATD helmeted head mounted to an ATD 
neck to replicate a football player response to collision. The tension in a cable within the 
Hill neck can be adjusted appropriately and the coefficient of friction can be lowered to 
simulate skin by utilizing nylon between the head and helmet. The Hill head-and-neck 
system can be modified to permit assembly motion subsequent to impact, allowing for 
more realistic kinematics. Controlled impacts can be delivered pneumatically to an 
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activated linear impactor via a pressure storage vessel with attached high-speed solenoid 
valve to accc;:lerate a ram by in-rush of high-pressure air into a pneumatic cylinder. (327, 
328) 
This methodology presents the advantage of allowing for detailed measurements 
of a highly reproducible collision. However, this original study was limited because the 
majority of impacts recreated, 25 of 31, represented concussive impacts. 
Notwithstanding any potential issues associated with under diagnosis of concussion, any · 
risk curve based on these data necessarily overestimate risk of concussion based on 
impacts in a nonlaboratory setting. By only reproducing a small subset of recorded 
collisions, no legitimate attempt was made to accurately quantify the total number or 
magnitude of sub-concussive impacts experienced by a typical professional athlete.(329) 
On the football field, the vast majority of collisions do not result in concussions; the 
biometrics of these non-concussive impacts need to be fully explored in any model 
aiming to identify risk of concussion. Recent studies·have underscored this limitation, as 
. the majoJity of impacts above the 98g threshold have not bee!! associated with 
concussion~(3 3 0) 
Additionally, the Hill head and neck system is limited due to its inability to 
appropriately model the effect ofhead, neck, and torso coupling.(328) Specifically, if the 
-extent to which a player's neck couples with his head deviates from the Hill head and 
neck, either due to stiffness, strength, anticipation, or any other cause, peak linear -
acceleration may be more than 15% inaccurate and peak rotational acceleration even 
more so.(328, 331) Additionally, the temporal response of the Hill neck to head impact 
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is elongated compared to true football collisions due to its relatively low stiffness. As a 
result, the Hill A TD reconstructions may produce similar peak accelerations for 
concussive impacts, but generate higher rotational velocities.(332) 
To address some of these concerns, the NFL commissioned Biokinetics to 
replicate head impacts using just head and neck at the impact velocities derived from the 
laboratory reconstructions. But these models had similar limitations as they are limited in 
their ability to replicate the individual characteristics that influence impact response, 
including directional neck strength, state of awareness at time of impact, player body 
differences.(333) 
Despite these limitations, the IDII ATD remains the best method to measure the 
·biomechanics of an impact retrospectively, or when other instrumentation is impractical 
or unavailable. 
I.D.S. THE HEAD IMP ACT TELEMETRY SYSTEM 
An individual's specific biometric state can be best measured by direct 
monitoring. To this end, accelerometers placed within anathlete's helmet have been 
increasingly used to measure variables relevant to the quantification of head impact · 
exposure. The most commonly used of these setups, the Head Impact Telemetry (HIT) 
System consists of six accelerometers and one temperature sensor along with a wireless 
·transceiver within helmet-mounted player units,. a Sideline Controller receiver for 
communicating with 'the player units, and a laptop computer for data storage and 
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processing.(334) As of 2011, over 1.5 million head impacts have been recorded in 
athletes, ranging from age 7 through 22 years old.(330) 
· The HIT System technology (Simbex, Lebanon, NH) incorporated within the 
Sideline Response System (Riddell Corp., Elyria, OH) is a unit comprised of six spring-
loaded single-axis accelerometers that are inserted into Riddell VSR-4 (large- or extra 
large-sized) O! Revolution (medium- or large-sized) football helmets (Riddell 
Corp.).(320) For head acceleration data to be recorded, the acceleration of any individual 
accelerometer must exceed a desired threshold so as to eliminate measurements on non-
impact events; many studies set this threshold at 10g.(288, 289, 320, 334-339) Others · 
have set this threshold at 15g.(26, 194, 329, 340-345) It is important to note that one 
accelerometer reaching this threshold is sufficient for data recording; however, after 
. processing, the overall helmet acceleration may still be below the cutoff threshold. Some 
studies filter these additional impacts out, while others do not. 
Once recording is initiated, informatio~ from the six accelerometers is saved at 1 
kHz for a period of 40 ms; the 8 ms before the data collection trigger are recorded along 
with 32 ms of data after the threshold trigger.(320) The data are time-stamped by each 
unit and stored locally within each unit, with sufficient memory for at least 1 00 separate 
head impacts. The instrumented helmets continuously monitor and record head impact 
accelerations on the field in real-time.(334) Impacts are also transmitted to a Sideline 
Controller unit through a radiofrequency telemetry link.(338) The Sideline Response 
. System in the HIT Impact Analyzer software on a laptop linked to the Sideline Controller 
provides immediate information on standard measures of head acceleration such as linear 
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acceleration, impact location, GSI, and HIC.(334, 338) The HIT System can receive data 
from up to 64 players from well over a 100m away (109.4 yards), a distance in excess of 
the length of an American football field.(320) 
To validate the HIT System, an Hill ATD was fitted with HIT helmet-mounted 
player unit.(328) Measures of peak linear acceleration, GSI, and HIC obtained from the 
instrumented helmet and Hill were correlated (r2 = 0.903, 0.846, and 0.787); with the 
overall system-to-system relationship less than 6.1% for each measure (0.9%, 5.2%, and 
c 
6.1 %, respectively). Higher deviations for both GSI and HIC are unsurprising given that 
measures are derived from the entire 40 ms linear acceleration resultant, causing more 
potential points of deviation as compared to a value like peak linear acceleration, which 
is derived from maximum value measures.(328) While little difference in correlation was 
found between impact sites for peak linear acceleration, impacts to the front of the helmet 
had the lowest correlation for both GSI and HIC.(328) However, review of high-speed 
video data from these impacts revealed that the impactor ram was driving the helmet 
downward and counter clockwise toward the Hill, resulting in approximately 5 ms of 
helmet contact prior to head acceleration. This helmet movement prior to HIII head 
acceleration resulted in the observed discrepancy in the overall time series, and thus the 
GSI and HIC.(328) 
This issue belies a potential problem ofthe HIT system, namely, that the helmet 
must move in concert with the head for accurate measurement of head impact. One 
concern then, is that collisions to the lower facemask may be overestimated because the 
helmet may slide and thus no longer maintain contact with the head. To measure the 
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extent of this issue, frontal impacts were measured at two additional sites beyond the 
NOCSAE guidelines, each with increased neck angle relative to the impactor; these sites 
were specifically chosen to cause primary loading of the chinstrap and to maximize 
deflection of the helmetfrom the head to challenge the IDT System's ability to retain 
contact with the head during the impact.(328). High correlationbetween the 
instrumented HIT System helmet and IDII A TD was .maintained at the first impact site, 
but not the secoD;d(r2 = 0.883 and 0.308 respectiv~ly).(328) All impact metrics at the 
latter site were greatly over predicted by the HIT System. High-speed video once again 
demonstrated helmet departure from the head at approximately 6 ms before initial IDII 
head acceleration.(328) 
. Although these fmdings suggest that ilnpacts to lower facemask measured by the 
HIT System will greatly over predict true acceleration, the impact location was still 
correctly identified in these cases.(328) Therefore, data from the over a million collisions 
can be analyzed both to determine the incidence of collisions to this area, and to assess to 
what extent these collisions represent outliers in the entire data set. Data suggest that 
these impact sites do not represent realistic cases of helmet impact and motion on the 
football field. Specifically, studies evaluating impact magnitude by location have 
reported statistically lower or insignificant average peak linear accelerations for impacts 
to the frontal region of the head over hundreds of thousands of measured collisions.(l94, 
320, 328, 346) These fmdings suggest that this concern may not represent situations 
outside the laboratory. 
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. Another concern is the minimum threshold for HIT System measurem~nt. 
Although arbitrary, a threshold of 10-15g likely separates head impacts from non 
impacts. However, threshold differences between studies could have significant 
differences in the number of head impacts counted, as some have suggested that there 
may nearly equal numbers of head impacts below 15g, as above 15g.(337) For all 
between study assessments and meta analyses, care must be taken to ensure an apples to 
apples comparison. 
. There has also been concern about the ability ofthe HIT System to accurately 
report rotational acceleration. Specifically, although linear acceleration is directly 
measured from the unit sensors, rotational acceleration is calculated irtdirectly.(347) This 
concern is especially important, and Warrants additional review, as rotational 
accelerations have been implicated as a major component of concussion.(316) 
I.D.6. THE 6 DEGREE OF FREEDOM SYSTEM 
A more advanced sensor array has been developed, in part, to address these 
concerns. The 6 Degree of Freedom { 6DOF) System is compatible with the existing IDT 
System, and utilizes an additional six accelerometers to ensure accurate measurement of 
linear and angular accelerations for each axis of the head.(348) The 6DOF measurement 
device is larger than the BIT unit, but has been int~grated into Riddell Revolution 
football helmets. (348) Although the 6DOF measurement device was originally designed 
.. , 
for adult Revolution football helmets, the device is now compatible with youth medium 
. . . 
. and large size Revolution helmets.(349) The 12 single-axis accelerometers within each 
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unit are encapsulated in the fabric padding and positioned in orthogonal pairs at six 
locations; each accelerometer is oriented with sensing axis tangential to the skull.(348) 
. ·.·· · 
The padding between the accelerometers and helmet serves as a spring to assess for 
. contact between the accelerometers and the head. Like the HIT unit, the 6DOF unit has a 
wireless transceiver and on-board memory to record up to 120 impacts.(348) Again, data 
acquisition begins when any accelerometer experiences acceleration above a defmed 
threshold. Some studies _have set this threshold at 10g.(349, 350} Others have the 
threshold for data collection set at 15g.(332) Much like the HIT System, the 6DOF 
System records data from all accelerometers for .8 ms preceding the threshold event, and 
· 32 ms afterward, which is then stored locally and wireless sent to the Sideline Controller. 
(348) Once collected, data are post processed to determine the linear and angular · 
accelerations for each axis of the head, as well as the location of impact. However, 
unlike the HIT System, the 6DOF System cannot cUrrently be used to assess impacts in 
real time.(349, 350) 
The 6DOF System and algorithm were val~da:ted through dynamic impact te~ting 
· using an Hill ATD headform.(350) The Hill headform was instrumented with nine 
accelerometers in a 3-2-2-2 orientation. A 6DOF measurement device was installed in a 
medium Riddell Revolution helmet, which was fitted on the Hill head. The head and · 
neck of the Hybrid III were mounted on a linear slide table and struck with a pneumatic 
linear impactor at several combinations of impact locations and severity.(350) The 
acceleration of the headform was compared with the 6DOF measurement device, which 
was shown to have an average error of 1% for linear acceleration and 3% for angular 
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acceleration.(350) Although this system generates more accurate results than the HIT 
System, it is larger and more exp_ensive. 
I.D.7. MEASURING ROTATION 
As mentioned previously, rotation has long been considered a main driver of 
concussive symptoms.(332) Therefore, the ability of a sensor array to adequately 
measure these forces are important to any potential concussion risk models that may be 
generated from these sensor data. The ability of the HIT System to accurately measure 
these rotational forces has been hotly contested. Fortunately, there have been studies to 
assess the accuracy of rotational measurements in the HIT System. Although these 
studies provide interesting initial data, a more thorough meta-review would provide more 
conclusive evidence. 
The aforementioned study validating the HIT System against the Hili A TD 
provided interestjng initial results. In this study, the instrumented helmet underestimated 
peak rotational acceleration compared to the Hili by · 6.1 %. Deviations were again 
identified in high-speed video indicating that the helmet and head were not in 
contact.(328) 
Another study fitted soine athletes with HIT System headgear, and others with 
6DOF. Rotational accelerations and velocities were provided for accelerations at the 25th 
percentile, the median, the 75th percentile, and the 95th percentile. The HIT System and 
c 
the 6DOF System showed strong correlation at each percentile in rotational acceleration 
(682 r~dls2 vs. 531 radls2, 981 radls2 vs. 872 rad/s2, 1506 radls2 vs. 14~l7 rad/s2, 2975 
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rad/s2 vs. 2997 rad/s2) and rotational velocity (3 rad/s vs. 2.4 rad/s, 4.4 rad/s vs. 3.9 rad/s, 
6.7 rad/s vs. 6.4-rad/s, 13.2 rad/s vs. 13.4rad/s).(332) However, because ofthe larger 
size of the 6DOF System, the distribution of athletic positions were not matched. 
Because there is sufficient evidence that there are differences in the nature of impacts 
received based on position played, these likely skewed the data. However, the larger 
athletes wearing the 6DOF helmets were commonly offensive and defensive lineman; 
· . data suggests that these athletes sustain impacts more frequently and at lower magnitude 
than players at other positions, which would actually strengthen the correlation between 
measured rotational metrics.(26, 194, 320, 329, 332, 335, 336, 344) 
I.D.8. GAME FILM REVIEW 
Frequency ofhead impacts can be ascertained from retrospective review of video 
obtained from athletic events. Typically, only games are currently filmed, which limits 
the utility of this method. However, review of game film is often the best option 
available, especially in instances where helmet sensor data is impossible, such as during 
the evaluation of games played decades ago to assess for generational or stylistic changes 
in head impact frequency. 
One such study utilized games film from four cameras to count head or soft tissue 
collisions.(280) Two blinded observers performed film review and intra- and inter-
observer variation was assessed. Although more detailed variables could be obtained 
(e.g. determining precise hit counts or approximating collisions based on velocity of 
athletes and their respective masses), this study simply grouped athletes into one of three 
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categories: 1) played < 5 minutes; 2) played but did not experience any significant head 
hits; or 3) played and suffered repetitive head hits.(280) Interestingly, this study founcl 
that player category was related to S 1 OOB levels in plasma, without concussion diagnosis, 
indicating that blood-brain barrier disruption may occur in football players who 
experience repeated non-concussive head impacts. Additionally, athletes who 
experienced the most significant number of head impacts demonstrated changes on both 
DTI and cognition.(280) Therefore, although these methods of game film review still 
have room for advancement, their use in elucidating measures of head impacts are quite 
promising.' 
I.D.9. UTILIZING IMPACT DATA IN MODELS 
Head impact measurements can be utilized to provide a new tool towards 
advancing the understanding of head injury. These data can be used to test models that 
-provide insight into what factors increase risk of concussion, how effective equipment 
truly is in preventing brain injuries, and how head impacts relate to functionally observed 
changes in mood, cognition, or biomarkers of injury. 
Evaluating the Head Impacts that Result in Concussion _ 
One early method of utilizing data from head impact exposure to determine 
concussion risk has already been discussed. The WSTC was based on data from animal 
studies and developed specifically to determine how linear acceleration related to injury 
tolerance. (351) Although it provided a big step forward in the understanding ofhead 
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injuries, the WSTC and measures derived therefrom were largely intended to predict 
skull fracture, although they were thought to likely correlate _with severe parenchymal 
brain injury as well.(332) 
The first studies to utilize impact data to assess the risk of concu~sion in athletes 
were based on the Hill ATD reconstructions ofNFL impacts.(314, 327) Although these 
studies reproduced and measured specific collisions in great detail, the fmdings were 
limited in generalizability to the football field. Specifically, by not including sufficient 
non-concussive injuries, the concussion risk function generated from these studies was 
necessarily inadequate. Specifically, this study estimated that 75% of all impacts greater 
than 98.9g would result in concussion, whereas, since this study, tens ofthousands of 
impacts have been measured above this threshold with only a small percentage resulting 
in concussion; one study measured 3,476 impacts greater than 98.9g, of which only 11 
(0.3%) were associated with the Clinical diagnosis of concussion.(346) 
Several studies have utilized more thorough approaches to determine the 
characteristics ofimpacts that result in concussion, as compared to those that did not. 
One such study followed 450 college athletes, male football players and male and female · 
hockey players, over three seasons and 486.594 impacts. Of the 45 athletes diagnosed 
· with 48 concussions, only 24 of these athletes experienced symptoms immediately 
following the injury.(352) Many players experienced delayed onset of symptoms and 
more than a third of diagnosed concussions were not associated with a specific impact 
event. HIT S_ystem derived linear acceleration (mean 86.1 +/- 42.6g, range 16.5-177.9 g) . 
and rotational accelerations (mean 3620 +/- 2166 radlsec2 (range 183- 7589 radlsec2) 
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showed significant variability suggesting, contrary to the Hill NFL studies, that there 
may not be a threshold impact acceleration responsible for observed athletic 
concussions.(3 52) 
Another study utilized HIT System data representing> 100,000 head impacts in 
95 high school football players over four years to identify 20 concussive impacts in 19 
athletes. Concussions were diagnosed either by a certified athletic trainer, present 
throughout all practices and games, or a team physician, present only at games. Because 
the HIT System allows for real time monitoring, any athletes who sustained high 
magnitude impacts in the absence of ob~erved concussion signs or reported concussion 
symptoms w~re evaluated by a physician or athl,etic trainer between series or during a 
timeout. However, as suggested by the relatively low incidence of concussions, not all 
athletes were identified through this system; in some cases, an athlete who sustained a 
high magnitude head impact and Initially denied concussive symptoms, passed the on-
field concussion screening evaluation, and contin~ed to play, subsequently reported 
symptoms of a concussion in the following days.(343) In these instances the single 
impact most likely to have resulted in injury was identified retrospectively.(343) 
In this novel design, concussed subjects served as their own controls as the 
cumulative impact histories prior to the 20 concussive head impacts were compared to 
the cumulative impact histories prior to the three largest magnitude non~concussive head · 
impacts in the same athletes. This study examined the 30 minutes preceding these 
impacts, as well as the entire practice or game session preceding the impacts, and the 
week preceding the impacts. No differences were found between these preceding periods 
- 109-
between the concussive and nonconcussive impacts in terms of cumulative number of 
head impacts, cumulative linear acceleration, and cumulative rotational acceleration. The 
data do not support the idea that the impacts immediately prior to a .concussive impact 
prime that athlete for injury.(343) However, there were likely many undiagnosed 
concussions, and it-is in fact possible that a subset of the identified "non-concussive" 
head impacts were, in fact, concussions. 
These data were further explored in a second study by examining the 
characteristics of head impacts that resulted in delayed versus immediate concussion 
diagnoses. A concussion was considered diagnosed immediately when a single 
identifiable head impact preceded the onset of symptoms, which led to the player being 
immediately removed from play without reentry (n = 43). A diagnosis was considered 
delayed when the player was not immediately identified with injury, continued to play, 
but was diagnosed later that day or the following days (n = 57).(341) This study reported 
that cases of immediate diagnosis were associated with more impacts sustained the day of 
the injury, more impacts sustained the week prior to the injury, as well as greater peak 
linear acceleration, HlC and GSI ,for the concussive impact, as compared to cases of 
delayed diagnoses.(340) 
·Concussive Biomechanics Relate to Neurological Changes 
Another. study followed 95 high school football players over four years of · 
investigation, including 190 practices and 50 games that collectively resulted in 102,218 
head impacts. Of these, 20 impacts were identified ~at resulted in concussions in 19 
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athletes. When these 20 concussive impacts were examined, no relationship was found 
between measures of impact magnitude and degree of cognitive decline.(342) While this 
study provides evidence that the extent of concussive symptoms may not be related to the 
. .· 
magnitude of the concussive injury, there are several key limits to this ,finding. First, by 
not looking at impact exposure prior to the concussive event, the potential for head 
impacts to accumulate and exacerbate future concussive symptoms was not explored. 
Additionally, by isolating and only examining cognition following diagnosed 
concQssions, rather than at a fixed time following both concussive and non-concussive 
head impacts, the study likely discarded many other true concussive events. Over four 
seasons, 19 athletes with concussion is remarkably low, indicating that these athletes may 
simply have been those with the most apparent, and worst, symptoms following 
impact.(2, 353) . As mentioned previously, many concussions do not present immediately 
with symptoms, and those that do tend to be associated with greater biomechanical 
impact measures.(340, 352) Because these other less apparent concussions were likely 
excluded, the study may have been insufficiently powered to adequately assess the 
variations in cognitive measures amongst this highly impaired cohort. 
A study that similarly attempted to identify the types of impacts responsible for 
concussions recorded 104,714 total impacts over the course of five seasons in 88 
collegiate football players. 12 of these athletes reported 13 total concussions during the 
course ofthis study~(338) The study reported no relationship between linear or rotational 
impact magnitude and acute outCome of symptomatology, postural stability, and 
neuropsychological functioning amongst the 13 reported concussions. These data 
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support the idea that a range of impact accelerations can cause a concussion and that 
clinical measures of acute symptom severity, postural stabilitY; and neuropsychological 
function are not explicitly tied to the impact itself.(338) 
Biomechanical data from helmets can also be used to generate a more detailed 
understanding of an athlete's injury, such as the stress and strain associated with injury. 
One imaging study examined ten male subjects diagnosed with concussion while 
equipped with HIT System helmets, chosen from collegiate varsity football (four athletes) 
and men's ice hockey (o!le athlete) teams, and from a high school football team (four 
athletes).(333) This study utilized helmet data to model extent of white matter strain 
experienced and found that strain rates were correlated with white matter change as 
measured by diffusion tensor imaging (DTI), despite normal structural scans.(333) This 
· study suggests that more advanced imaging techniques may be able to identify evidence 
ofmTBI following brain injury. 
· Predicting Concussions from Impact Biomechanics 
As understanding of the biometrics underlying concussive impacts improves, . 
models are better able to predict which collisions are likely to result in concussions. The 
Hill NFL method was a first attempt at this prediction. These studies suggested that 
98.9g was a satisfactory prediCtor of concussions; this threshold for linear accelerations 
was reported to be 75% sensitive in identifying concussions, while later studies have 
sugg~sted otherwise.(314, 327, 346) 
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However, to test this threshold, Division I collegiate football players were given 
the Automated Neuropsychological Assessments Metrics (ANAM) Battery at baseline, 
and retested following an impact greater than 90g or below 60g. A total of 43 athletes 
completed the baseline and at least one follow-up test session: 22 participants completed 
the > 90g condition, 26 participants completed the < 60g condition and 14 completed 
bothconditions.(354) No differences were found between conditions besides 
improvements in differences between baseline and the low testing condition in Math 
Processing, Matching to Sample, and Sternberg Procedure and improvements between 
baseline and the high testing condition for Math Processing and Procedural Reaction 
Time.(354) These slight improvements suggest that any potential negative effects of high 
impact injuries as compared to low impact injuries are smaller than the improvement 
associated with testing effects. There was no decline in balance or cognition after high 
impact exposure, suggesting that the proposed injury threshold was not as sensitive as 
suggested. These results suggest that a single impact > 90 g will not necessarily result in 
immediate concussion symptoms or otherwise impaired overall function within 24 
hours.(354) 
However, as previously discussed, rotational acceleration has been implicated as 
the primary mechanism behind concussion. One study specifically focused on the role of 
rotational injuries in predicting concussions. This study utilized data from the HIT and 
6DOF Systems to derive concussion risk curves. Specifically, the study analyzed a total 
of 300,977 head impacts, 286,636 from players equipped with the HIT System and 
14,341 with the 6DOF measurement device. A total of 57 concussions were measured 
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and, from the data pertaining to these injuries, an injury risk curve was developed. It was 
. shown that a nominal injury value with rotational acceleration of 6383 rad/s2 associated 
with a rotational velocity of 28.3 rad/s represents a 50% risk of concussion.(332) 
Additionally, the risk curve from the NFL Hill system was evaluated and found to be 
biased towards concussions, for reasons previously explored. 
Because sustaining a previous high magnitude impact is believed to lower the 
threshold for subsequent injury, concussion risk curves could potentially be made more 
accurate by accounting for an athlete's previous exposure to high magnitude injuries. 
Additionally, the number of impacts previously sustained may play a role in future 
concussion risk, and could be accounted for in a concussion risk curve. Furthermore, an 
improvement in the predictive power of a model after taking into account either of these 
factors would also further validate their importance in concussion pathophysiology. 
One model utilized HIT System data to create a more accurate concussion risk 
curve by taking into account an athlete's position to generate a more personalized 
risk.(337) Specifically, because athletes with previous exposure to high frequency head 
impacts (i.e. linear acceleration> 1 OOg or RIC > 200) were believed to be at increased 
risk of concussion, and because there is a signific~t variation in the risk of exposure to 
these high frequency impacts based on athletic position, this study adjusted its model by 
lowering the risk threshold for athletes (!.t high riskpositions. Analogous adjustments 
were made for athletes at positions with high cumulative exposure to head impacts. Both 
model adjustments were assessed to determine extent of improvement. It was fou.rid that 
the overall nuniber of head impacts sustained at each player position, as recorded by the 
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HIT System, did not correlate well with the player position concussion rates reported in 
epidemiological studies. However, the positions that sustained higher frequencies of 
. more severe head impacts were associated with higher concussion rates in 
epidemiological studies. After weighting concussion risk curves using HIT System 
exposure data based on extent of play athigh severity head impact positions, the 
agreement between predicted and measured concussion rates was significantly 
improved.(337) 
In addition, a model could attempt to account for potential underreporting of 
concussions in previously acquired data to improve its future accuracy. One possible 
improvement is to determine the overall risk of concussion associated with the peak 
linear and rotational head accelerations resulting from impact, while accounting for 
underreporting rates of concussion, as well as the dependent nature of linear and 
rotational acceleration.(355) To accomplish this, one study hypothesized the true 
concussion rate in a sample, utilizi_ng data from epidemiologic studies. Because 
concussions tended to result from impacts with high linear acceleration, the highest linear 
acceleration hits that did not result in concussions were converted to concussions until the 
measured sample matched the hyp~thesized concussion rate. Using this hypothesized 
concussion number, a multivariate linear regression analysis· was used to develop an 
injury risk curve that receives peak linear and rotational head acceleration experienced 
during an impact as input, and deterrpines the probability of sustaining a concussion from 
that impact as an·output.(355) While this model was advanced-for its attempt to account 
for the many undiagnosed concussions, there are other methods to determine which 
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undiagnosed impacts are most likely to be concussions. Specifically, .the collisions that 
resulted in concussions fall ~long a skewed right distribution; concussion causing impacts 
could have been randomly matched to non-concussing impacts, and these matched hits 
. could have been considered concussive impacts. In this way, the converted non-
concussive hits would match the measured distribution. Additionally, the model could be . 
improved by accounting for the location and duration of impact, as others have. Finally, 
no model to date has attempted to account for genetic predispositions that likely affect 
concussion risk, providing a future avenue for improvement. 
One study sought to characterize the head impacts that predispose an athlete to 
concussion by utilizing IDT System data to examine the impacts sustained by high school 
and college athletes on days that they were diagnosed with concussions, versus impacts 
sustained on days that they were not. This study examined 161,732 total head impacts 
over 10,972 player days in 95 athletes (68 college, 37 high school) diagnosed with 105 
unique concussions.(341) Athletes were found to average more impacts with greater 
associated kinematic response on days of injury as compared to noninjury days, 
supporting the idea that the magnitude of impact mediates concussive symptomology. 
These fmdings are particularly interesting as some have argued that factors such as style 
of play may factor into an athlete's risk of experiencing concussion; the concussed 
athletes had nearly_identical50th and 95th percentile peak linear (20.7g and 63.5g) and 
rotational (848 radls2 and 2761 rad/s2) accelerations recorded on noninjury days to those 
reported in nonconcussed athletes (20.5g and 62.7g; 981 rad/s2 and 2975 radls2).(332, 
335, 341) The fact that these players experienced head impacts typical for all football 
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players on noninjury days suggest that personal style of play factors did not play a major 
· role in their eventual injuries.(341) 
Predicting Effectiveness of E,quipment: 
Data from head impacts could also be used to determine the effectiveness of 
future equipment. As previously discussed, the conception and original intent of the 
NOCSAEmeasurement was to prevent catastrophic brain injury. However, as more is 
discovered, increasing attention has been paid to the. risks associated-with concussion. As 
such, new testing methods and certifi_cation standards for equipment should take new 
research into account, so as to better protect against these impacts and the resulting 
injuries. 
One model is intended to improve the protective performance of football helmets 
against concussions by integrating helmet impact performance into a singular metric 
using a newly derived formula, the Summation of Tests for the Analysis of Risk (STAR) 
equation.(330) This equation is derived from HIT System biomechanical measures of 
impacts along with data on injury risk. The STAR equation relates impact exposure to 
drop test performance for a specific helmet to determine incidence of concussions.(330) 
As the injury risk curves currently utilized in the STAR ·equation are only based on linear · 
acceleration, the ability to expand the system to include rotational accelerations is the 
logical next step. 
Determining the Cumulative Effect of Impacts 
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The previous .models all focus on concussion and concussion risk. However, 
impacts that do not result in symptoms, and thus do not meet the threshold for 
concussions or mTBI, appear to be associated with long term consequences.(166, 167, 
197, 198, 202, 356) Detailed study of these impacts, and their effects, is -necessary to 
determine the risk associated with them, as well as-the extent to which they need to be 
limited or.eliminated. 
The cumulative burden of these impacts appears to have neurologic effects. One 
study followed 46 college football players who ·completed five clinical measures of _ 
-- neurologic function before and after a single season.(339) These subjects were given the 
ANAM, Sensory Organization Test (SOT), Standardized Assessment of Concussion, 
Balance Error Scoring System, and Graded Symptom Checklist. The study did not report 
a clinically meaningful relationship between the change in 11eurologic measures from 
preseason to post season and the total number of impacts sustained, total number of 
severe impacts sustained ( > 90 g), total cumulative magnitude of impacts sustained, and 
total number of impacts sustained to the top ofthe head. -However, it was foundthat the 
amount of college football exposure was associated with preseason to postseason deficits 
on measures of symptoms and balance (SOT compositeequilibrium).(339) These 
findings -suggest that there may be cumulative deficits which extend beyond a single 
season, but that might not be clinically observabie over a single season. 
Another study also examined the relationship between repetitive head impacts and 
cognitive changes in athletes ~y analyzing pre and post season Immediate Post-
-Concussion Assessment and Cognitive Testing (ImP ACT) test results in 214 Division I 
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college varsity football and ice hockey players who were equipped with HIT System 
helmets; and 45 noncontact sport athletes.(345) The contact sport cohort consisted of 
football players at three institutions and men and women ice hockey players from two 
institutions. The noncontact sport cohort consisted of varsity athletes on track, crew, and 
Nordic skiing teams. 55 of these contact sport athletes, and all noncontact athletes, were 
also given an additional neuropsychological battery before and after their seasons. This 
.2.5 hour battery consisted of the Wide Range Achievement Test 4 Reading, the 
California Verbal Learning Test, the Delis-Kaplan Executive Function (D-KEFS) Color-
Word Interference Test, the D-KEFS Letter Fluency subtest, the Trail Making Test, the 
Paced Auditory Serial Addition Task, the Gordon Continuous Performance Test, and the 
Brief Visual Memory Test-Revised. The study found worse postseason scores on a 
measure of new learning (California Verbal Learning Test) between contact and 
noncontact athletes. Additionally, amongst the contact sport athletes, worse postseason 
performance on ImP ACT Reaction Time and Trail Making B, was significantly 
associated with higher scores on several head impact exposure metrics.(345) These 
tlndings strengthen the assertion that all impacts, including those that do not result in 
concussion, have effects on cogilition. 
Several studies have also examined the effects ofhead impacts on functional 
magnetic resonance imaging (fMRI). One study involved administering pre, mid, and 
post season ImP ACT testing, as well as postseason testing of working memory (n-back) 
during fMRI, to a cohort HIT System helmeted high school football players.(288) 
Players were-classified as func~ionally impaired if they exhibited statistically significant . 
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reductions ill ImPACT scores. Four ofthe 21 players studied were diagnosed with a 
concussion during the season based on symptoms and ImPACT testing, but, interestingly, 
four ofthe eight players evaluated via ImP ACT testing mid-season were determined to be 
functionally impaired despite exhibiting no symptoms of concussion. One of the 
concussed athletes was unavailable for imaging~ the remaining seven were imaged within 
72 hours ImP ACT testing. All athletes exhibited significantly decreased fMRI activation 
levels in the dorsol,ateral prefrontal cortex and cerebellum, regions of the brain strongly 
associated with working memory. Interestingly, the athletes who exhibited impairment 
based on ImP ACT testing, but who were not diagnosed with concussion; were found to 
be at least as impaired as the known concussed group, based on imaging.(288) 
An additional study followed up on 14 of the athletes from this cohort for a 
second season, and added an additional14 subjects not-previously studied.(289) No 
significant difference in the median peak linear acceleration was found between athletes 
who were diagnosed with a concussion, athletes who ha:s ImP ACT impairments in the 
absence of concussion, or athletes who were not diagnosed with concussion with normal . 
ImP ACT results. However, the athletes who had ImP ACT impairments without 
concussions received significantly more head impacts than those without ImP ACT 
deficits. Imaging demonstrated impairments in basal ganglia structures in both ImP ACT 
deficit groups, regardless of concussion status~(289) These findings strongly support the 
cumulative role · of head impacts on · cognitive function and suggest that fMRI changes in 
the prefrontal cortex ap.d basal ganglia m~y serve as a biomarker of this impairment. ' . 
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Although these models examine the acute effects of repetitive head impacts, it is 
possible that these deficits mark the early stages of CTE. However, it is also possible that 
these findings reflect transient changes, or another injury altogether (i.e. diffuse axonal 
injury unrelated to the risk of developing CTE). Future models can and should be 
developed to determine the extent to which these impacts lead to long term impairment 
and CTE. 
I.D.lO. DISCUSSION 
Since the first report ofhdtnet ,use in 1893, ensuring the safety of football players . 
has been tied to the sport. Although these helmets were simple in design, so was their 
initial intent: to prevent catastrophic brain injury and the resultant morbidity and 
mortality. As knowledge grew about these severe injuries, helmet technology advanced 
withplastic and metal incorporated into their design along with the ·addition of the face 
mask. However, despite these innovations, the incidence of head injuries continued to 
increase, potentially due to risk compensation. As fatalitie·s once again mounted, 
NOCSAE was founded to initiate research efforts for head protection and to implement 
the first football helmet safety standards in 1973. However, these safety measures were 
originally designed to prevent these catastrophic injuries, and as a result, do not 
adequately protect against concussion. 
There have been many attempts to quantify head injuries, so that they can be 
better studied. A1though researchers sought to quantify the biomechanics of head 
impacts and brain injury since the 1940s, many of these initial studies utilized dead 
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animals or cadavers and were therefore unable to measure concussion. Through 
improved measurement of the forces-associated with collisions, risk curves were 
developed to determine the relationship between peak acceleration, pulse duration, and 
concussion onset, with injury. 
Studies also began utilizing ATD setups to allow for measurement of the forces 
associated with concussion experimentally. Theillii system was the first football 
specific design; it utilized a helmeted head mounted to an A TD neck to replicate a 
football player response to collision. This methodology presents the advantage of 
allowing for detailed measurements of a highly reproducible collision. 
However, an individual's specific biometric state can be best measured by direct 
monitoring. To this end, accelerometers placed within an athlete's helmet have been 
increasingly used to measure variables relevant to the quantification of head impact-
exposure. The most commonly used of these setups, the Head Impact Telemetry (HIT) 
System with well over 1.5 million head impacts have been recorded in athletes. A more 
advanced sensor array, the 6DOF System, builds from the existing IllT System, by 
utilizing an. additional 6 accelerometers to ensure accurate measurement of linear and 
rotational accelerations for each axis of the head. 
In addition, ·video review of game footage is increasingly being used to quantify 
collisions. Frequency of head impacts can be ascertained from retrospective review of 
video obtained from athletic events. Review of game fllin is .often the best option 
available, especially in instances where helmet sensor data is impossible, such as during 
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the evaluation of games played decades ago to assess for generational or stylistic changes 
in head impact frequency. 
Data from these sources are providing a better picture of what types of collisions 
result in concussion. From this information, improved risk curves have been generated, 
which take into account the risk of experiencing concussion following an injury. Athletes 
can now also be assessed in real time following impacts, which will improve the 
diagnosis and management of concussions.-
However, concussions may only represent a subset of the sequelae associated with 
head injuries. The total number ofhead impacts sustained may also affect an individual's 
cognition, mood, and behavior. Repetitive head impacts, which may or may not rise to 
the level ofmTBI, have been associated with CTE, a unique tauopathy only diagnosable 
by post-mortem examination of neural tissue. However, these new data sources quantify 
the number of head impacts sustained by an athlete, which can be used to determine an 
athlete's cumulative head trauma burden. These impacts appear to have acute effects on -
mental processing, and brain functioning, which may or may n:ot be indicative of the 
initiation of the neuropathologic cascade leading to CTE. Future studies should elucidate 
this relationship. 
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II. CONFIRMING THE LINK BETWEEN IMPACT EXPOSURE AND CTE 
Although all individuals with neuropathologically confirmed CTE have been 
exposed to head impacts, the relationship between this exposure and the development of 
disease is a crucial factor that requires further scientific investigation. Specifically, 
because CTE can only be diagnosed post-mortem, the only studies specifically of CTE 
. that have been conducted have been post-mortem studies of pathologically confurned 
CTE. One limitation of this approach, however, is that it complicates any epidemiologic 
· analysis of the incidence or prevalence of disease; autopsy studies are often biased based 
on inclusion criteria, or simply who chooses to enroll. However, some epidemiologic 
analyses are possible, despite this limitation. 
This volume consists of two chapters, each examining the epidemiology of 
neurodegenerative disease in a cohort with high exposure to head impacts, professional 
football players. These .studies use distinct samples from this cohort, and different 
methods of diagnosing disease, to address disparate aspects of the risk associated with 
developing neurodegenerative disease. Although this sample of professional football 
players is not immediately generalizable to the population, it was selected because it is 
well defined, relatively easy to follow, and includes athletes who -have experienced high 
exposure to head impacts. 
The first chapter'represents the minimum prevalence of CTE in NFL athletes who 
passed away in 2011. The second examines the prevalence of motor neuron disease, 
which has been linked to CTE, in all NFL athletes who debuted between 1960 and 2000. 
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II.A THE PREVALENCE OF CTE IN FOOTBALL PLAYERS WITH IDGH 
EXPOSURE TO HEAD IMPACTS 
A detailed analysis of the prevalence of CTE is necessary to understand the extent 
to which exposure is tied to the developmer:t of disease. This chapter examines the 
incidence of CTE in a cohort at high risk of exposure to head impacts, professional 
football players. By basing analyses on gold standard neuropathologic diagnoses of CTE, 
this study indisputably links the development of CTE, to an activity with high exposure 
to head impacts. Specific risk factors are also explored, including duration of exposure 
and genetic risks. 
Studies such as these are of particular importance, as understanding the 
prevalence of CTE is necessary to understanding how much a finite increase in exposure 
may increase risk. Without studies indicating how common CTE is, the precise 
relationship between head impacts and the development of disease will remain clouded. 
- 125 -
ll.A.l. ABSTRACT 
Chronic Traumatic Encephalopathy (CTE) is a tauopathy associated with 
impairments in mood, behavior, and cognition. Although CTE has only been diagnosed 
in individuals exposed to head impacts, the nature of these impacts and how linked they · 
are to disease, remains unknown. Specifically, the prevalence of CTE has never been 
· studied in any group epidemiologically. This study represents the first determination of 
the minimum prevalence of CTE in a cohort at high risk of exposure to head impacts, 
specifically National Football League (NFL) athletes. Because CTE can only be 
diagnosed_ postmortem, the resources of the Center for the Study of Traumatic 
.Encephalopathy (CSTE) Brain Bank were utilized to secure as many tissue samples as 
possible during the study window. All former NFL athletes who passed away in 2011 
were identified; a subset of these athletes had tissue donated to the CSTE for analysis. 
Of the 13 6 former NFL athletes who passed away in 2011, the . tissue of 15 were 
·examined and all were diagnosed with CTE. Therefore, the minimum prevalence of CTE 
in NFL athletes who passed away in 2011 was 11%. Age at death, height, weight during 
NFL career, Body Mass Index (BMI) during NFL career, years ofNFL play, number of 
All-Star ("Pro Bowl") appearances, Hall of Fame status, and primary position were 
examined to determine if there were any relationships between those who donated and 
were diagnosed with CTE, and those who did not. There were statistically significant 
differences in years played in the NFL, Pro Bowl appearances, and Hall of Fame status, 
suggesting that donors tended to be better known NFL athletes as compared to non-
donors. These fmdings likely reflect the realities of outreach and donation. Additionally, 
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apolipoprotein E (ApoE) genotYping revealed the prevalence of E4 homozygotes and 
carriers were significantly higher in cases of diagnosed CTE, and a subset of pure CTE 
cases without other neuropathology, than predicted by an age matched neurologically 
normal population. These analyses represent the first epidemiologic stUdy of CTE; the 
high prevalence highlights the relationship between exposure to head impacts and the 
diagnosis of CTE. 
TI.A.2. INTRODUCTION 
Mechanical head impacts can result in primary and secondary injuries to the brain 
resulting in clinical symptoms.(74, 195) Chronic Traumatic Encephalopathy (CTE) is 
one potential result of this brain trauma. Originally found in boxers in the early 20th 
century, CTE has been diagnosed in a wide variety ofindividuals.(166) To date, all 
individuals diagnosed with CTE have had some history of exposure to head impacts, 
typically a repetitive exposure.(166, 197, 198) CTE is therefore typically found in those 
at high risk for experiencing these collisions, including athletes, those with exposure to 
injury due to occupation or military service, and individuals who exhibit seizures and/or 
head.;:banging behavior.(166, 175, 197, 198, 202) 
The relatioD:ship between the development of CTE and the number and severity of 
head impacts is not yet clear, as some athletes diagnosed with CTE have had no reported 
concussion history despite a well documented history of repetitive head impacts.(166, 
197) Although it is possible that these impacts resulted in unreported concussion, the 
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common denominator between all individuals diagnosed with CTE is a history of head 
impacts, often of a repetitive nature. 
To date, there have been no studies ofthe incidence or prevalence ofCTE . 
. However, the Institute of Medicine has examined several epidemiologic studies of 
dementia in individuals who have experienced brain injury with loss of consciousness, 
and has argued that there is sufficient evidence of link between the two.(168, 174, 199-
201) Additionally, a National Institute for Occupational Safety and Health study found 
that NFL players with at least five pension-credited playing seasons between 1959 and 
1988 had a three times increased risk of death due to neurodegenerative disease, based on 
death certificates.(357) However, because CTE is not currently included as a cause of 
death in current or previous International Classification of Diseases (ICD), analysis of 
death certificates does not allow for the specific study of CTE. A detailed analysis of the 
prevalence ofCTE is necessary to understand the extent to which exposure to head 
impacts is tied to the development of CTE. 
Tobegin to address this question, in 2011, researchers at the CSTE made a 
concerted effort to reach out to the families of deceased former NFL athletes, to let them 
know about the option to donate tissue for research. A CSTE Brain Donation Registry 
(BDR) was established to allow current and former athletes to pledge to donate their 
brain and spinal cord after death. As of 2013, 569 athletes signed paperwork and notified 
their next of kin of their intent to donate their tissue to the CSTE, and many have chosen 
to publicize their intentions. In addition: Google News alerts were set up to notify 
researchers of the unfortunate passing of former collegiate or professional contact sport 
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athletes; in these cases, staff would reach out to next of kin to inform them of donation 
options. All donated tissue was examined for evidence of neuropathologic disease, 
including CTE. 
Additionally, with data from theNFL, NFL Players Association, the New York 
Times, Google, the Professional Football Researchers Association, and Database Sports, 
a comprehensive list of all· NFL athletes who passed away in 20 11 was generated. In 
addition, characteristics of this cohort were compiled, including age at death, height, 
weight during NFL career, Body Mass Index (BMI) during NFL career, years of NFL 
play, number of All-Star ("Pro Bowl") appearances, Hall of Fame status, and primary 
position. In addition, it has been suggested that the apolipoprotein E (ApoE) c4 allele 
may increase susceptibility for CTE, so ApoE genotyping was conducted for all donors, 
and compared to expected frequencies calculated for age-matched population estimates 
. . . -
./ 
from neurologically normal individuals, and a cohort with Alzheimer' s disease.(197, 198, 
358, 359) 
Utilizing these data, this study reports the minimum prevalence of CTE in NFL 
athletes who passed away in 2011. This prevalence represents the improbable scenario 
that every non-donor did not have CTE. As CTE cannot currently be diagnosed 
clinically, it is unlikely that every case of CTE was identified prior to donation. 
Nonetheless, these analyses represent the first assessment oftheprevalence ofCTE in a 
cohort with high exposure to repetitive head impacts, and provide evidence of the strong 
link between the two. 
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II.A.3. METHODS 
Institutional Review Board (IRB) approval for brain donation was obtained 
through the Boston University IRB. Approval for acquisition of data from former NFL 
athletes who passed away in 2011 was obtained through the Boston University School of 
Medicine IRB. Pathologists were blinded to athletic history and clinical history. All 
statistical analyses were completed using R Statistical Computing Package v2.15 .3 
(Vienna, Austria). 
CSTE Brain Donation Registry 
The CSTE BDR was established in 2008 so that athletes could pledge to donate 
l 
their tissue for research at the CSTE. All donors, as well as two points of contact that 
they designate, are given wallet sized cards indicating the donor's intent to donate and . 
including the CSTE's contact information. The CSTE has staff on call 24/7 to facilitate 
donations. All donors are called once a year to confirm their intent to donate and to 
update contact information. Upon death, the on-call CSTE staff member is contacted via 
pager, and then initiates and coordinates the extraction and donation process. This entails 
coordinating with a contact at site of death and at the funeral home, and fmding a local 
pathologist to extract and ship the tissue to the CSTE Brain Bank. . 
Diagnosis of CTE 
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Based on previous studies and revie~ ofthe.literature on CTE, the diagnosis of 
CTE was defined by the presence oftl:ie following criteria:(74, 166, 175, 197, 198, 207, 
210,211,218,228,360) 
1. Perivascular foci ofp-tau immunoreactive glial tangles (GTs) and 
neurofibrillary tangles (NFTs) 
2. Irregular cortical distribution of p-tau immunoreactive NFTs and GTs with 
a predilection for the depth of cerebral sulci 
3. Clusters of subpial and periventricular GTs in the cerebral cortex, 
diencephalon, basal ganglia and brainstem 
4. NFTs in the cerebral cortex located predominantly in the superficial layers 
Following diagnosis, cases were categorized into the four-stage rating scale of 
CTE (I = least severe, IV =most severe) based on the severity of p-tau pathology, as 
previously reported.(197) 
Diagnosis of CTE-MND 
The diagnosis of CTE with MND was defined by the presence of CTE, as 
defmed above, in addition to the following criteria:(167) 
· 1. Degeneration of lateral and ventral corticospinal tracts of the spinal cord 
2. Marked loss of anterior hom cells from cervical, thoracic and lumbar 
spinal cord with gliosis 
3. · Ubiquitin and TDP-43 positive neuronal; glial, neuritic or intranuclear 
inclusions in anterior hom cells and white matter tracts of the spinal cord 
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4. Subpial, p~riventricular and perivascular foci of TDP-43 in the cerebral 
cortex that partially co-localized with p-tau NFT and GT 
Diagnosis of AD 
The criteria for AD was based on the presence of AB containing neuritic plaques 
and p-tau immunopositive NFT according to the NIA-Reagan criteria for intermediate 
and high likelihood AD and the recent NIA Alzheimer Association's guidelines, which 
takes into account the Braak and Braak staging ofNFT and the overall density of neuritic 
plaques based on CERAD criteria.(186, 361-365) 
Diagnosis of PD and LBD 
The diagnosis of Parkinson's disease (PD) or Lewy body disease (LBD) was 
based on the presence and distribution of alpha-synuclein-positive Lewy bodies and was 
considered brainstem-predominant (PD), limbic or transitional (TLBD), and neocortical 
or diffuse (DLBD) as defined by McKeith criteria and Braak staging.(366, 367) 
Diagnosis of FTLD 
Neuropathological diagnosis ofFTLD was based on predominant involvement of 
the frontal and temporal lobes and characteristic immunohistochemistry foi p-tau, 
ubiquitin, and TDP-43 using established criteria for frontotemporal lobar degeneration 
(FTLD).(368-370) The most comnion FTLD, frontotemporal lobar degeneration with 
ubiquitin and TDP-43-positive inclusions, FTLD-TDP, was defined by ubiquitin and 
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TDP-43-positive neuronal cytoplasmic and intranuclear inclusions, dystrophic neurites, 
and glial cytoplasmic inclusions in the superficial layers of cerebral cortex and dentate 
gyrus. The diagnosis ofFTLD-tau, which includes progressive supranuclear palsy, 
corticoba~al degeneration and Pick's disease, was defmed by the specific patterns of p-tau 
glial and neuronal pathology and neuroanatomical areas of involvement according to 
consensus criteria.(192, 369, 371) 
ApoE Genotyping 
DNA was extracted from brain tissue samples using a Qiagen QIAamp DNA 
extraction kit (Quiagen, Valencia, CA). Two single-nucleotide polymorphisms (SNPs; 
NCBI SNPs rs429358 and rs7412) were examined using TaqMan assays (Applied 
Biosystems, Foster City, CA). Allelic discrimination was automated using the 
manufacturer' s software. Positive controls, consisting of DNA of_ each of the six possible 
APOE genotypes (s2/s2, s2/s3, s2/s4, s3/s3 , s3/s4, s4/s4), were included on each plate 
and genotyped with restriction isotyping.(198) 
Determining Former NFL Deaths in 2011 
Utilizing collaborations with the NFL, the NFL Players Association, and Alan 
Schwartz ofthe New York Times, a complete list of all 22,492 athletes who played in at 
least one game NFL, Ameri9an Football League, or All America Football Conference (all 
of which are hereafter referred to as NFL), was compiled, along with their playing 
histories and dates of birth. A Python program was written to search Google and, 
- 133 -
through the Google application programming interface, free obituary compilers, for each 
former athlete' s name and birthday, along with the date range restriction from January 1, 
2011 to January 1, 2012. Up to five results for each search were saved in a comma 
separated values file .and the results were evaluated manually to eliminate false positives. 
136 player deaths were identified within the specified date range. These fmdings were 
cross referenced with the Social Security Death Index (SSDI) and data were confirmed in 
89.0% of cases. For the remaining 11% of cases without SSDI confirmation, obituaries 
were re-examined and saved. 
To ensure completeness, a CatS can search was conducted of all Wikipedia pages 
in the categories "Players ofAmerican football'~ and "2011 Deaths". There were 108 
results; all individuals had been previously identified. In addition, Professional Football 
Researchers Association compiles a list offormer NFL athlete deaths annually; their 
2011list was provided and contained 126 individuals, all ofwhom had been previously 
· identified. Athlete demographics and related information were obtained from Database 
Football. 
. II.A.4. RESULTS 
Through the outreach efforts of the CSTE~ 15 fonner NFL athletes who passed 
away in 2011 donated tissue for analysis by the CSTE. All donors had CTE pathology. 
Therefore, of the 136 former professional football players who passed away in 2011, 
< • ~. 
assuming that all non-donors did not have CTE, the minimum prevalence of CTE at death 
in this cohort is 11.0%. 
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Eight subjects were diagnosed with CTE without evidence of other 
neuropathology (one with stage I, three with stage III, and four with stage IV). One 
subject had stage III CTE with MND. One subject had stage I CTE with Pick's disease, 
one subject had stage II CTE with Lewy body disease, one subject had stage III disease 
with evidence ofParkinson's disease (PD) and frontotemporal lobar degeneration · 
(FTLD), one subject had stage IV CTE with PD, one subject had stage IV CTE with 
Alzheimer's disease (AD) and PD, and one subject had stage IV CTE with FTLD. 
Increasing CTE stage was unrelated to years ofNFL.play but was significantly related to 
age at death (F(3,14) = 5.063, p = 0.019). 
Demographic information and athletic variables of interest for CTE cases and 
non-donors are shown in Table II.A.1. The conservative Bonferroni correction was 
applied to account for multiple comparisons, and the p-value for significance was set at 
0.0056. Statistically significant differences between CTE cases and non-donors were 
found years ofprofessional footballplay (t(134) = -4.71, p < 0.0001), "Pro Bowl" All 
Star appearances (1{134) = -5.71, p < 0.0001), and number of Hall of Fame inductees Ci 
(1, n = 136) = 16.0, Fisher's exact p = 0.003). 
Results from ApoE genotyping, alongside expected frequencies for age matched 
neurologically normal subjects, and AD subjects, are also included in Table II.A.l. The 
·proportions of ApoE genotypes (i.e., 84 homozygotes, 84 carriers having at least one 84 
allele, ~d 84 non carriers) amongst the CTE cases were significantly different overall 
fro~ those found in an age-matched normative sample, ci (2) = 11.97, p = 0.003).(358) 
The proportions of ApoE genotypes amongst CTE cases was also compared to those seen 
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in AD, and were similar (X2 (2) = 0.540, p = 0.764).(359) Additionally, because seven of 
the 15 cases of diagnosed had mixed pathology additional analyses were conducted for 
the pure CTE subset, and the mixed pathology subset. There were no significant 
differences between the two groups ct (2) = 0.746, p = 0.689), nor between either of the 
groups and the expected AD frequency Ci' (2) = 0.107, p = 0.-948 for pure CTE; i (2) = 
. 1 ;143, p = 0.565 for mixed pathology).(359) Howeve~, the pure CTE group remains 
significantly different than expected in an age matched normal population ct (2) = 7.67' 
p = 0.022).(358) 
II.A.5. DISCUSSION 
This study represents the first analysis ofthe prevalence ofCTE. The cohort 
selected for this study, NFL athletes who passed away in 2011, all experienced 
·significant exposure to head impacts during their athletic careers. Therefore these 
athletes were likely to be at increased risk of developing CTE as several studies have 
suggested that there may be a relationship between an athlete's cumulative exposure to 
. head impacts, and the diagnosis and severity of CTE.(197, i 98) As a result, these 
fmdings cannot necessarily be generalized to the football community. However, C:('E has 
been diagnosed in athletes at all levels, including athletes who only competed in football 
at the high schoollevel.(197) 
While a prevalence of 11% is alarmingly high, this simply represents a bare 
minimum finding as it is based on assumptions that bias towards decreasing the measured 
prevalence. Specifically, these analyses assume that all 121 athletes whose tissue was not 
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studied did not have CTE. During this study window, researchers reached out to the 
-families of all collegiate and professional contact spoit athletes, regardless of any 
knowledge of potential symptoms. -It is, nonetheless, possible that family members were -
more inclined to donate if they had suspicions that their loved one may have been 
displaying CTE-like symptoms. However, CTE cannot currently be diagnosed clinically; 
if family members were able to diagnose every potential case of CTE, especially given 
other neurodegenerative diseases, that would indicate diagnostic criteria of unheard of -
sensitivity. Additionally, in the past six months; the next of kin of at least one non-donor 
has reached out to the CSTE in the hopes that their loved one could be examined and 
diagnosed, at least based on medical records, due to changes in the decedent's 
- . .~ ..... 
personality, mood, and cognition prior to death. Unfortunately, without neuropathologic 
analysis of tissue, diagnosis remains impossible. 
The differences between cases of CTE and non-donors are quite interesting. 
Specifically, the length ofNFL career; Pro Bowl appearances, and Hall ofFame status 
may all be directly tied to exposure to head impacts. However, by the time an athlete 
reaches the NFL, they have likely already experienced years of exposure to these impacts 
at the college, high school, and, often, pre high school levels. Given that individua1s with 
only high school exposure have been diagnosed with CTE, it is unlikely that additional 
years of professional exposure are responsible for the initiation of pathology; although 
this and previous work does suggest that it compounds disease severity. It is, therefore_, 
likely that these significant differences actuaily account for the cases that resulted in 
Google News alerts; the obituary of an athlete with minimal professional pl~y is less 
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likely to mention football, as compared to a Hall of Fame athlete. Tellingly, four out of 
seven (57.1 %) ofHall of Fame athletes who passed away in2011 .were studied at the 
CSTE. 
The potential role of the A poE s4 allele as a susceptibility gene for CTE was 
further explored. These fmdings reveal significantly more s4 homozygotes in both the 
sample of neuropathologically confmned CTE, as well as in pure CTE without mixed 
pathology, than expected in a normal, age-matched population. Although this is a small 
sample, the 13% s4 homozygosity observed is significantly greater that the 1-3% s4 
homozygosity ofthe .general population, and is more comparable to the 10% of patients 
· with AD who are homozygous for £4.(358, 359) The ApoE s4 variant is the largest 
known genetic risk factor for sporadic AD and, based on these findings, may be related to 
CTE as well.(372) Future research. should continue to explore the role of ApoE as an 
important risk factor for CTE. 
This study has several limitations. First, it is possible that there were some NFL 
athletes who passed away in 2011 who were not identified in this study, which would 
decrease the prevalence ofCTE in this cohort. However, ifthese athletes exist, the fact 
that they were not uncovered in the thorough Google sear~h, nor the Wikipedia search, 
nor the professional football database company, indicates that they certainly never would 
. . . . 
have been identified by the Google News alerts, and their families would therefore never 
have been reached out to for possible donation. Inasmuch as these decedents have not 
been identified for the denominator of th~ prevalence equation, they have similarly 
proved unobtainable for the numerator. 
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Additionally, this study did not have access to information regarding specific 
athletic exposure beyond position at the professional level, nor environmental or other 
risk factors. Head impacts are thought to be necessaryto initiate the neuropathologic 
cascade of CTE, but are unlikely be sufficient. More work is needed to identify these 
other potential risk factors. 
· This study would also have benefited from information pertaining to cause of 
death. Although death certificates do not properly allow for the examination of CTE 
specifically' the extent to which degenerative disease was noted as the _cause of death for 
CTE cases could be compared to non-donors so that between group differences can be 
ascertained. 
Generally, however, these fmdings suggest that there is a strong link between 
exposure to head impacts and the development of CTE. Although, as former professional 
football players, this cohort had particularly high exposure to impacts, it follows that 
limiting an athlete's exposure to these impacts may be fruitful. This could be 
accomplished through several means, such as sport specific rule changes to reduce the 
frequency of unnecessary collisions or decreasing the number of contact practices an 
athlete participates in each week. 
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Table II.A.l. Demographic variables and athletic history 
CTE Cases Non Donors Average 
SSDI Confirmation 93 .3% 88.4% 89.0% 
Age 70.6 +/- 9.5 years 74.5 +/- f6 .6 years 74.l +/- 14.6 years 
Height 74.7 +/- 2.19 inches 73.4 +/- 1.99 inches 73.6 +/- 2.0 inches 
Weight 230.53 +/- 22.3 lbs 219.29 +/- 33.5 lbs 220.6 +/- 32.5 lbs 
BMI 29.0 +/- 2.0 28.5 +/- 3.6 28.6 +/- 3:5 
Years of NFL Play 9.1 +/-3.7years* 4.5 +/- 3.5 years* 5.0 +/- 3.8 years 
Years in Pro Bowl 2.73 +/- 2.19 years* 0.48 +/- 1.33 years* 0.73 +/- 1.6 years 
Hall of Fame 26.7%* 2 .5%* 5.1%* 
NFL Positions 
Defensive Back 2 (13.3%) 13 (l_Q.7%) 15(11%) 
Defensive Line · 2 (13.3%) 22 (18.2%) 24 (17.6%) 
Kicker 0 2 (1.7%) 2 (1.5%) 
Linebacker 1 (6.7%) 11 (9.1 %) 12 (8 .8%) 
Offensive Lineman 6 (40.0%) 49 (40.5%) 55 (40.4%) 
Quarterback 0 3 (2.5%) 3 (2.2%) 
Running Back 4 (26.7%) 16 (13.2%) 20 (14.7%) 
Wide Receiver 0 5 (4.1%) 5.(3.7%) 
ApoE Genotype CTE Cases Normal Control** AD Control*** 
e4/e4 2* 0.3* 1.4 
e4 heterozygote 6* 3.7* 6.3 
non carrier 7* 11.0* 7.3 
..... -·· 
AD= Alzheimer' s disease, ApoE = Apolipoprotein E, CTE =Chronic Traumatic Encephalopathy, NFL= 
National Football League, SSDI = Social Security Death Index, * p < 0.05, ** Expected 
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calculated b~sed on data from (358), ***Based on data from (359) 
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II.B. THE PREVALENCE OF MND IN FOOTBALL PLAYERS WITH IDGH · 
EXPOSURE TO HEAD IMPACTS 
Although studies like the previous utilize a definite, neuropathologically 
confirmed," diagnosis of CTE as .an outcome, they are impractical for large scale studies. 
While a concerted effort to reach out to the families of a small cohort is feasible, similar 
studies involving larger cohorts for extended durations are simply too costly and time 
consuming to maintain. 
However, the incidence ·ofsymptoms associated with CTE can be tracked more 
easily. This chapter examines the incidence of one clinical feature associated with CTE, 
impairments in motor functioning, in a cohort who were at high risk of exposure to head 
impacts. Specifically, previous work has suggested an overlap in the clinical presentation 
ofMND, with the underlying neuropathology of CTE. This study followed a much larger 
cohort ofNFL retirees, any who debuted between 1960 and 2000, and tracked the 
incidence ofMND through 2012. As a result, this study presents the largest cohort of 
NFL athletes over the greatest period of time, ever followed. for evidence ofMND. 
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IT.B.l. ABSTRACT 
Chronic Traumatic Encephalopathy (CTE) is a neurodegenerative disease 
believed to be associated with head impacts, which include concussive injuries and 
subconcussive collisions. However, the extent to which these impacts increase the risk of 
developing CTE has not yet been uncovered. In addition, there is increasing evidence 
suggesting the existence of a motor neuron disease variant of CTE (CTE-MND). The 
motor features of this disease process bear clinical similarities to other MNDs, such as 
amyotrophic lateral sclerosis (ALS). The current study sought to clarify the link between 
head injury and MND by identifying its incidence in a cohort with high exposure to 
repetitive head injuries, former professional football players. Athletes who debuted 
between 1960 and 2000 were tracked through 2012 for the diagnosis ofMND. The 
incidence ofMND in this cohort was found to be 3.57 to 4.02 per 100,000 person-years, 
which represents a risk increase by a factor of 1.88 to-2.12. Additionally, a nested cohort 
study of the athletes with MND was cond~cted to determine if BMI, position, age at 
onset ofNFL career, or duration ofNFL career, were related to the diagnosis ofMND. A 
significant difference in years ofNFL play was found between those diagnosed and 
undiagnosed, suggesting that the exposure to football itself may be responsible for the 
increased risk of MND. Although considered a rare disease, the identification of any 
_potential risk factors of MND is of great significance to public health. While. this study 
provides support for the growing body of evidence suggesting a link between NFL 
activity and MND, the precise factor responsible for this increased risk remains uncertain. 
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ll.B.2. INTRODUCTION 
Chronic Traumatic Encephalopathy (CTE) is a progressive neurodegenerative 
disease believed to result from head impacts. ·Although associated with a constellation of 
clinical symptoms, inCluding behavioral changes, mood disorders, and cognitive 
dysfunction, CTE can currently only be diagnosed neuropathologically.(74, 166, 167, 
· 197, 198, 202) Additionally, although CTE has been reported since the 1920s, it has only 
recently re-entered the common lexicon over the past decade.(357) As a result, clinicians 
have only recently begun including CTE in their differential diagnoses.(285) These 
factors have complicated epidemiologic studies of CTE; without proper diagnoses, 
directly studying the incidence and prevalence of disease is difficult. Similarly, without 
data pertaining to how common CTE is in different cohorts, understanding the precise 
relationship between head impacts and the risk of developing CTE is difficult. 
It has been reported that the majority o( -~IE cases also present with a widespread 
. TAR DNA-binding protein of approximately 43 kd (TDP-43) proteinopathy affecting the 
frontal and temporaJ cortices, medial temporal lobe, basal ganglia, diencephalon, and 
brainstem.(167, 197,220, 360) In some cases, this TDP-43 immunoreactive inclusions 
and neurites are found in the anterior hom of the spinal cord and motor cortex, combined 
with corticospinal-tract degeneration, loss of anterior hom cells of the spinal cord, and 
ventral root atrophy. In this subset of cases, individuals present with a progressive motor 
neuron disease (MND), with clinical similarities to amyotrophic late~al scierosis (ALS), 
and characterized by profound weakness, muscular atrophy, spasticity~ and fasciculations. 
·This presentation has been classified as CTE-MND.(167, 197~ 360) 
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This clinical overlap· in presentations is unsurprising given increasing awareness 
ofthe potential role ofTDP-43 on the pathogenesis ofALS. Althoug~ genetic mutations 
have been identified thatcause ALS, 90-95% of ALS cases are sporadic.(187, 188) 
However, mutations to TAR-DNA Binding Protein, the gene for TDP-43, accounts for 
some familial forms ofALS. Additionally, motor neurons in sporadic ALS are often 
found with TDP-43 immunoreactive inclusion bodies that appear either as rounded 
hyaline inclusions or as skein-like inclusions; as a result, TDP-43 has been implicated in 
the pathogenesis of motor neuron disease.(192, 193) The presence ofthese two 
phosphorylated proteins in most cases of CTE suggests a comnion trigger responsible for 
the initiation of both of these processes. 
It may also be the case that head trauma initiates the molecular cascade resulting 
in ALS.(165, 189) Inane case-control study, researchers found that injuries that had 
occurred in the previous ten years had the strongest association with diagnosis of 
ALS.(165) Another case-control study also found that risk of ALS increased when the 
last head injury occurred closer to the time of diagnosis.(199) However, other studies 
have disputed this association.(191, 373, 374) On the other hand, recent epidemiologic 
studies indicate that there is a link between exposure to head trauma, and mortality due to 
MND.(356, 357, 375, 376) None of these studies have included neuropathologic 
confirmation that this presentation ofMND is due to ALS, CTE-MND, or another cause 
ofMND. 
To study the relationship between head impacts and MND, the present study 
~xamined a cohort with high exposure to head impacts, namely professional football 
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players. Specifically, this study included all drafted and undrafted NFL athletes who 
debuted their NFL careers between 1960 and 2000. These athletes were followed until 
2012, and incidence rate of MND in this cohort is calculated based _by incorporating 
public statements from former professional athletes to determine a minimum rate of 
MND incidence. 
In addition, a nested cohort analysis was conducted to identify factors that 
distinguish athletes within this cohort who developed CTE from those who did not. 
Specific factors of interest included BMI, position played, age of onset of NFL career, 
and duration ofNFL career. Each of these factors have either been implicated in the risk 
of developing MND, or are responsible for increased exposure to head injury.(377-379) 
II.B.3. METHODS 
Detailed statistics from every player to join an NFL team are publically available, 
including duration of professional play (both in years and total games) and age, height 
and weight at debut. Additionally, league wide statistics are also available, including 
number of drafted and illldrafted players to have debuted by year. For these analyses, we 
have restricted the cohort to only those players that have played in at least one NFL 
game. As a result, several athletes drafted to NFL teams, but who never played an 
official game, have been excluded from the study despite having been later diagnosed 
withMND. 
. . 
Three sources of data were available to iqentify all athletes who debuted in the 
. NFL between 1960 and 2000: roster and draft information from Database Football 
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(which reports 12,562 athletes), a professional football statistics aggregator (n = 11,959), 
roster and draft information provided by the NFL, and data shared with researchers by 
reporter Alan Schwartz (n = 12,156), who _covered professional football and atllietic 
injuries for the New York Times. The variation between these reported number of 
athletes are less than 5% and are result from slightly different assessments of whether an 
athlete was considered as having played in a game. 
Data regarding NFL athlete deaths was compiled by Oldest Living Pro Football 
Players: Pro Football's On_line Encyclopedia, a group that has aggregated up to date 
information regarding NFL athlete deaths. Athletes were enrolled in this study in the 
year of their debut, and followed until diagnosis ofMND, death, or the close of the study 
window in 2012. A total of 1,020 athletes who debuted between 1960 and 2010 passed 
away or were diagnosed with MND during the study window. As a result, there were a 
total of380,621 , 344,272 or 347,964 per~on-years of study, depending on choice of 
enrollment criteria. 
Since 1960, 14 former NFL athletes have publicly announced their diagnosis of 
MND. Demographic information is provided in Table II.B..l. Reliance on publicly 
identified diagnoses results in an underestimate of MND incidence as it is likely ·that not 
all cases ofMND were publicly announced. 
Subjects were selected for the nested cohort study to account for differences in era 
of play. Specifically, for each NFL athlete diagnosed with MND, five individuals from 
the cohort were randomly selected based on draft number from the same debut year. For 
r 
. the two instances in which the NFL athlete diagnosed with MND was an undrafted 
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player, five random undrafted NFL athletes who played in the NFL were selected for 
comparison. 
Between-group differences were examined by independent sample T -tests. Chi-
. square analyses were used for between group comparisons for categorical · data. The 
conservative Bonferroni correction was applied, and an alpha level ofp = 0.017 was used 
for all analyses. All statistical analyses were conducted with IBM SPSS Statistics, 
version 20.0 and R Statistical Software, 3.0.1. 
II.B.4. RESULTS 
High Head Impact Exposure Associated with Increased Risk of MND 
Since 1960, 14 former NFL athletes have been diagnosed with MND during the 
344,272, 347,964, or 380,621 total person-years of study, resulting in a MND incidence 
rate amongst NFL athletes of3.57, 3.93 , or 4.02 per 100,000 person-years. As several 
studies report an ALS incidence of approximately 1.9 +/- 0.2 in North American males, 
this represents an increased risk of 1.88-2.12 associated with developing MND amongst 
NFL athletes as compared to non-NFL males. 
Nested Cohort Study 
Results of the nested cohort study are presented in Table Il.B.2. There were no 
. ~tatistically significant differences in age ofNFL debut, BMI, .or position played. 
However, there were statistically significant differences in years of professional football 
between subjects who developed MND, and a matched subgroup ofNFL athletes ( t (82, 
- 1.48-
n = 84) = -2.57, p = 0.012). These fmdmgs suggest that additional head impacts may 
have significant effects, even in a cohort already at high exposure to these impaCts. 
II.B.S. DISCUSSION 
Although considered a rare disease, the identification of any potential risk factors 
ofMND is of great significance to the public's health. · Specifically, recognizing 
potential risk factors that can be modified or prevented is important as these risks can be 
minimized and eliminated. 
The current study provides evidence that there is a significant risk associated with 
· NFL activity on the development ofMND. Although the.present design is unable to 
identify the specific factor responsible for the increase in risk ofMND, it is possible that 
repetitive head impacts play a role. The findings that NFL athletes have a 1.88-2.12 
times increased risk of developing MND is in line with similar fmdings in a subset of the 
current cohort. Specifically, a recent study examined the neurodegenerative mortality 
rate in all NFL athletes who played for at least five seasons between 1959 and 1988.(357) 
Interestingly, that study reported a 4.04x increase in mortality due to ALS. The fact that 
the reported mortality risk was higher in that subset of the sample included in the present 
study, is particularly intriguing in light of the results from the ~ested cohort study, which 
suggest that there is a relationship between duration of NFL exposure, and risk of 
developing MND. It is also possible that the present study found a lower risk ratio 
• 
associated with NFL because diagnosis of MND was based solely on public 
announcement; it is likely that additional cases were not included in the present study, 
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' 
thereby lowering the observed risk associated with the NFL found in this study. 
Additionally, retrospective study designs tend to provide lower-disease rate estimates 
than comparable pro~pective studies in the same populations.(380) 
It was particularly interesting that neither BMI, nor position were significant in 
the nested cohort analysis. Lower BMI has been recently implicated in a decreased risk 
of developing MND, up to three decades in advance.(377) In addition, the lack of 
relationship with position is interesting because, if the increased risk of MND in NFL 
athletes is truly me~iated by head irp.pacts, one would expect positions at higher exposure 
to these impacts to have higher rates of disease. 
Ultimately, this study provides additional evidence that NFL activity is associated 
with an increased risk ofMND. The precise nature .ofthis risk, however, remains 
uncertain. It is possible that these findings result from repetitive head injuries, but this 
study neither supports nor refutes that possibility. However, the widespread TDP-43 
' 
positive inclusions found in the vast majority of cases of CTE, as well as the subset of 
individuals with CTE who also develop MND, support the hypothesis that these to 
pathologies are linked. 
Other factors that may explain the observed increase in risk, such as illicit drug 
use, smoking, and athletic exposure to substances such as pesticides, are of particular 
interest. Further study is warrarited to clarify this relationship. 
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Table II.B.l. Demographic infonnation of players diagnosed with ALS 
Year of Debut Year Of · Years of Pro ·Age at 
Position 
Subject Birth Year Diagnosis Football Diagnosis 
101 1938 1960 1985 4 QB 47 
102 1941 1965 . 1999 5 DB 58 
103 . 1941 1963 . 1986 . 10 DL 45 
104 1942 1964 2006 15 LB 64 
105 1942 1964 1986 7 RB 44 
106 1943 1967 2000 7 DL 57 
107 1945 1967 1981 7 OL 36 
108 1959 1981 2007 1 LB 48 
109 1964 1987 2001 9 RB . 37 
110 1967 1989 1997 8 DL 30 
111 1969 1996 2007 7 LB 38 
112 1969 1992 2010 8 FB - 41 
113 1972 1995 2004 7 . DB 32 
114 1977 2000 2011 7 DB 34 
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Table II.B~2. Results of Nested Cohort Analysis 
MND ·NonMND Average 
Age ofDebut 23.0 +/- 1.36 years 23.0 +/- 1.29 years. 23.0 +/- 1.29 years 
BMI 30.1+/- 3.4 29.4 +/- 3.3 29.5 +!- 3.3 
Years of Play 7.3 +/- 3.1 years* 4.7 +/-3.5 years* 5.1 +/- 3.6 y~ars 
Position 
Defensive Back ' 3 (21.4%) 14 (20.0%) 17 (20.2%) 
Defensive Line . 3 (21.4%) 13 (18.6%) 16 (19.0%) 
Linebacker 3 (21.4%) 9 (12.9%) 12 (14.2%) 
Offensive Line 1 (7.1%) 19 (27.1 %) 20 (238%) 
Quarterback 1 (7.1%) . 2 (2.9%) 3 (3.6%) 
Running Back 3 (21.4%) 9 (12.9%) 12 (14.3%) 
Wide Receiver 0 ~ (5.7%) . 4 (4.8%) 
BMI =Body Mass Index, MND =motor neuron disease, ~ p < 0.05 
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lli. DETERMINING THE NATURE OF THE EXPOSURE THAT INCREASES 
SEVERITY OF CTE 
. This set of chapters examines the effect of athletic exposure to head impacts on 
the pathology and clinical presentation of CTE. Although head impacts have been 
implicated in the pathogenesis of disease, it remains unclear precisely what types of 
impacts are involved in the development of CTE. Specifically, the extent to which 
. repetitive low magnitude impacts, versus higher magnitude collisions, contribute to the 
disease process remains unknown. These chapters begin to address this question by 
examining an athlete's positional risk of head impacts based on athletic position. As all 
football players experience different types of injuries based on their position of play, 
these chapters utilize methods of categorizing exposure from other diseases to quantify 
the nature of athletic exposure in deceased football players. Specifically, these chapters 
involve the creation of a novel athletic exposure matrix, and utilize the resulting data to 
. ' . 
· identify the potential head impact exposure, seasonally and cumulatively, and its 
rela~ionship to several clinical and pathologic outcome measures. 
Although all individuals who have been diagnosed with CTE have had some 
history significant for head impacts, understanding the nature of these impacts is crucial 
factor to understanding the disease process. These analyses represent th~ first attempt to 
quantify these impacts to relate them to CTE. 
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III.A. THEORETICAL EXPOSURE AND CTE SEVERITY 
Although CTE has been linked to head impacts, it is still not known what types of 
impacts are responsible for the disease process. As discussed in previous chapters, there 
are many methods utilized to characterize measured impacts, but there have not been 
attempts to characterize risk of exposure to impacts retrospectively. This chapter 
represents the first attempt to explore the relationship between theoretical exposure 
biomechanics and CTE pathology. Specifically, risk of exposure to linear head impacts, 
rotational head impacts, and cumulative exposure to impacts over 1 Og, has been related to 
stage of CTE pathology. 
This chapter examines a cohort of former football players who have all had 
postmortem diagnoses of CTE, in the absence of other neurologic disease. The athletic 
history ofthese athletes was reconstructed based on family interviews and published 
rosters and athletic statistics, where available. Utilizing exposure methods from other 
fields, an athletic exposure matrix was generated to determine each athletes' risk of 
exposure to head impacts based on the aforementioned metrics. This chapter represents 
the first attempt to quantify athletic exposure to head impacts biomechanically as they 
relate to the pathology ofCTE. 
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III.A.l. ABSTRACT 
Background: Chronic Traumatic Encephalopathy (CTE) is believed to result from head 
impacts .. However, the precise type of head impacts necessary to initiate the disease 
process is not yet known. 
Methods: Through retrospective data collection, as well as meta-generated helmet 
sensor and epidemiologic data, the athletic exposure to head impacts was generated for 
29 neuropathologically confirmed cases of pure CTE in former athletes, with the aid of a 
position exposure matrix. · The primary athletic exposure in all subjects was due to 
football. 
Results: Stage of CTE was significantly associated with duration of athletic activity. 
However, models incorporating the duration of exposure to high magnitude linear 
acceleration, and the duration of exposure to high magnitude rotational acceleration were 
better predictors of stage of CTE. Mean rotational force, mean linear force, and risk of 
concussion, were not significant predictors of stage of CTE. 
·- Conclusions: These results suggest that an athlete's total exposure to high magllitude 
impacts, but not necessarily exposure to concussion, is associated with the severity of 
CTE observed postmortem. In addition, these results provide support for the use of 
retrospective athletic exposure data to determine risk factors for the progression of CTE. 
m.A.2. INTRODUCTION 
Each year, an estimated 38 million children and adolescents, 170 million adults, 
participate in organized sports and physical activities in the United States.(3, 4) Many of 
- 155 -
. these activities are associated with head impacts, ~d result in an increased risk of 
traumatic brain injury (TB1).(5) In the United States, an estimated 1. 7 million people 
. . 
sustain a TBI annually, assoCiated with 1.365 million emergency room visits and 275,000 
hospitalizations annually with associated direct and indirect costs estimated to have been 
$60 billion in the United States in 2000.(6, 7) Additionally, the Centers for Disease 
Control estimates that 1.6 to 3.8 million concussions occur in sports and recreational 
activities annually~ (8) -
Of all sports played in the United States, American football is the sport associated 
with the greatest number of traumatic braininjuries.(2, 20, 21) These injuries are caused 
by a force transmitted to the head from a direct or indirect contact with the head, face, 
neck, or elsewhere, which results either in a collision between the brain and skull or in a 
strain on the neural tissue and vasculature.(9, 77) This impact or strain is believed to 
cause the symptoms of concussion through a cascade characterized by abrupt neuronal 
depolarization, release of excitatory neurotransmitters, ionic shifts, altered glucose 
metabolism and cerebral blood flow, and impaired axonal function.(77) Recovery from 
these injuries takes time; single and repeated brain injuries have been shown to be 
correlated with cognitive deficits for months following the injury.(llO, Ill) However, 
this prolonged recovery is considered less common; in the majority of cases,. concussions 
are expected to resolve spontaneously.(85, 98-100) 
However, symptom resolution may not indicate the end of this neuropathologic 
cascade.(78-83) Specifically, head impacts, including concussion, may lead to the 
neurodegenerative disease Chronic. Traumatic Encephalopathy (CTE), as all individuals 
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ever diagnosed with CTE have had some history o.fhead impacts.(I-66, 175, 197, 198, 
202) The characteristics of the impacts responsible for the pathogenesis of CTE have not 
yet been determined. 
Originally, it was believed that concussion was necessary for the pathogenesis of 
disease, but cases of CTE have been documented in individuals with no known 
concussion.(166, 197, 198, 202) While this may simply reflect general lack of 
knowledge and widespread underreporting of concussion, it may also be indicative of 
another mechanism atplay.(ll-14) As a result, additional research is needed to 
determine. the relationship between head irppacts and the development of CTE. 
The relative contributions of linear and rotational forces to CTE pathology are of 
particular interest, given the variability in impacts athletes sustain based on sport and 
position. Specifically, although CTE has been more recently discovered in football 
players, it was first diagnosed in boxers; in fact, the disease was originally named 
dementia pugilistica based on this association.(166) Although both sports have a liigh 
incidence of head impacts; it has been suggested that boxers are exposed to more 
rotational forces, whereas American football players experience more linear blows.(381) 
Additionally, within the sport of football itself, there is wide variation in the forces 
experienced by athletes based on position played, level of play, and even the team's style 
ofplay.(194, 329, 335,336, 344, 349) The extent to which these variations may 
influence an athlete's risk of developing CTE is of enormous public health concern. 
This study examines· a cohort of former football players who have all had 
postmortem diagnoses of CTE, in the absence of other neurologic disease. The athletic 
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history of these athletes was reconstructed based on family interviews and published 
rosters and athletic statistics, where available. An athletic exposure matrix (AEM) was 
generated from helmet sensor data, which accounted for positional differences in median 
linear accelerations, median rotational accelerations, 95th percentile linear accelerations, 
and 95th percentile rotational acceleration, based on the principle of job-exposure 
matrices utilized inoccupational exposure research.(320, 335, 336, 382) In addition, 
positional differences in concussion rates were incorporated into the AEM using data 
from epidemiologic studies.(2, 383) 
III.A.3. METHODS 
Subjects 
Subjects were deceased athletes selected from the Boston University Center for 
the Study of Traumatic Encephalopathy (CSTE) brain bank. At the time of enrollment, 
81 subjects had been diagnosed with CTE based on the neuropathologic criteria after 
comprehensive evaluation for the neuropathological changes of CTE as well as all other 
neurodegenerative conditions.(166, 167, 197) Next ofkin provided written consent for 
· participation and brain donation. Institutional Review Board approval for brain donation 
was obtained through the Boston University Alzheimer's Disease Center CSTE. 
Institutional Review Board approval for post-mortem clinical record review, interviews 
with family members, and neuropathological evaluation were obtained through the 
Boston University School of Medicine. From all cases of pathologically confirmed CTE, 
this study had the following exclusion criteria: 
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o primary exposure to head impacts from an activity besides football, 
o ·inability to contact next of kin to conduct a postmortem interview, 
o -presence of co-rriorbid motor neuron disease, neurodegenerative disease or other 
significant neuropathology. 
Of the total sample in the brain bank with neuropathologically confirmed CTE, 
seven were military veterans with unknown or no athletic history and ten did not have 
' 
next of kin available for contact, 28 had co-morbid neurologic disease, and seven had a 
primary sport besides football. Football players were grouped by primary position 
played: offensive linemen, defensive linemen, quarterbacks~ wide receivers, all other . 
offensive backs, defensive linebackers, and defensive backs. 
N europa tho logic Examination 
The neuropathological processing followed the procedures previously established 
· for the BU ADC brain bank, which included a comprehensive analysis designed to cover 
all neurodegenerative conditions.(384) Thorough photographic documentation and gross 
inspection were performed upon receipt of the brain by courier or overnight delivery 
service. Paraffm embedded sections were stained with luxol fast blue, hematoxylin and 
eosin, Bielschowsky's silver, AT8 (a mouse monoclonal antibody directed against 
phosphoserine 202 and phosphothreonine 205 ofPHF-tau, Pierce Endogen, Rockford IL, 
1 :2000), alpha-synuclein (rabbit polyclonal, Chemicon, Temecula, CA, 1: 15,000), and 
amyloid beta (AB) (mouse monoclonal, Dako North America Inc, Carpinteria, CA, 
·1 :2000, with formic a.cid pretreatment, TDP-43 (a rabbit polyclonal directe~ against TAR 
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DNA-binding protein 43, Abeam, Cambridge MA, 1:1000, formic acid pretreatment), 
phospho-TDP-43 ( pS409/41 0) Cosmo Bio Co., Tokyo, Japan, 1:5000, formic acid 
pretreatment), and SMI-34 (a mouse monoclonal to 200kDa + 160kDa phosphorylated 
neurofilament, Abeam Cambridge MA, 1 :5000) using methods described 
previously.(166) Neuropathological diagnoses were made independently without 
knowledge of the subjects' clinical histories, and were independently confirmed by two 
other neuropathologists. 
In addition, multiple large coronal slabs of the cerebral hemispheres were cut at 
50 microns on a sledge microtome and stained as free-floating sections using A T8, AB, 
TDP-43, phosphoTDP-A3, CP13 , a monoclonal tau antibody directed against 
phosphoserine .202 (courtesy of Peter Davies, 1 :200), and PHF -1 , a monoclonal antibody 
against phosphoserine 3 96 and phosphoserine 404 of hyperphosphory lated tau (courtesy 
of Peter Davies, 1: 1000, formic acid pretreatment) (166, 167) 
Diagnosis of CTE 
Based on previous studies and review of the literature on CTE, the diagnosis of 
CTE was defmed by the presence of the following criteria:(74, 166, 175, 197, 198, 207, . 
.210, 211,218, 228, 360) 
1. Perivascular foci ofp-tau immunoreactive glial tangles (GTs) and 
neurofibrillary tangles (NFTs) 
2. Irregular cortical distribution of p-tau immunoreactive NFTs and GTs with 
a predilection for the depth of cerebral sulci 
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3. Clusters of subpial and periventricular GTs in the cerebral cortex, 
diencephalon, basal ganglia and brainstem 
4. NFTs in the cerebral cortex located predominantly in the superficial layers 
Following diagnosis, cases were categorized into the four-stage rating scale of 
CTE (I= least severe, IV= most severe) based on the severity ofp-tau pathology, as 
previously reported.(197) 
Diagnosis of CTE-MND 
The diagnosis of CTE with MND was defined by the presence of CTE, as 
defined above, in addition to the following criteria:(167) 
1. Degeneration oflateral. and ventral corticospinal tracts ofthe spinal cord 
2. Marked loss of anterior hom cells from cervicai, thoracic and lumbar 
spinal cord with gliosis 
3. Ubiquitin and TDP-43 positive neuronal, glial, neuritic or intranuclear 
inclusions in anterior hom cells and white matter tracts of the spinal cord 
4. Subpial, periventricular and perivascular foci ofTDP-43 in the cerebral 
cortex that partially co-localized with p-tau NFT and GT 
Diagnosis of AD 
The criteria for AD was based on the presence of AB containing neuritic plaques 
and p-tau immunopositive NFT according to the NIA-Reagan criteria for intermediate 
and high likelihood AD and the recent NIA Alzheimer Association' s guidelines, which 
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takes into account the Braak and Braak staging ofNFT and .the overall density of neuritic 
plaques based on CERAD criteria.(186,361-365) 
Diagnosis of PD and LBD 
The diagnosis of Parkinson's disease (PD) or Lewy body disease (LBD) was 
based on the presence and distribution. of alpha-synuclein-positive Lewy bodies and was 
considered brainstem-predomiriant (PD), limbic or transitional (TLBD), and neocortical 
or diffuse (DLBD) as defined by McKeith criteria and Braak staging.(366, 367) 
Diagnosis of FTLD 
Neuropathological diagnosis ofFTLDwas based on predominant involvement of 
. the frontal and temporal lobes and characteristic immunohistochemistry for p-tau, 
ubiquitin, and TDP-43 using established criteria for frontotemporal lobar degeneration 
(FTLD).(368-~70) The most common FTLD, frontotemporal lobar degeneration with 
ubiquitin and TDP-43-positive inclusions, FTLD-TDP, was defined by ubiquitin and 
TDP-43-positive neuronal cytoplasmic and intranuclear inclusions, dystrophic neurites, 
and glial cytoplasmic inclusions in the superficial layers of cerebral cortex and dentate 
gyrus. The diagnosis of FTLD-tau, which includes progressive sup~anuclear palsy, 
. corticobasal degeneration and Pick's disease, was defmed bythe specific patterns ofp-tau 
glial and neuronal pathology and neuroanatomicaf areas of involvement according to 
consensus criteria.(192, 369, 371) 
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'-· 
Athletic Exposure to Head Impacts 
The study utilized objective data previously collected from sensors placed in the 
' 
helmets of middle school, high school, and collegiate football .players. These data include 
information regarding the frequency and magnitude of impacts, all broken down by 
position.(320, 335, 336) In addition, epidemiologic studies that reported concussion rates 
based on position were used.(2, 383) Based on these data, a AEM was generated which 
included exposure columns for: 
o the median number of hits experienced by position, 
o median linear acceleration experienced by position (measured in g), 
o the median rotational acceleration experienced by position (measured in 
o the 95th percentile linear acceleration experienced by position (measured 
in g), 
' . 
o the 95th percentile rotational acceleration experienced by position 
(measured in rad/s2), and 
o the relative exposure to concussive impacts by position. 
The length of the subjects' playing careers was determined from retrospective 
interviews and available statistical records. 
Statistical Analysis 
. Stage of CTE was treated as an inexact ordinal variable; Spearman's Rank Order 
Correlation was used to determine the statistical dependence between CTE stage_ and all 
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linear variables of interest (e.g. age, years of education, number of concussions reported 
by family members, years of football, and years since football). To assess strength of 
correlation, linear regression including interaction variables with backward elimination 
was performed for all models relating head impact exposure metrics (total number of 
years of football played, median positional exposure to head impacts greater than 1 Og, 
median magnitude of positional exposure to _linear acceleration, median magnitude of 
positional exposure to rotational acceleration, 95th percentile magnitude of positional 
exposure to linear acceleration, 95th percentile magnitude of positional exposure to 
rotational acceleration, and positional exposure to concussion) to CTE. A probability 
level ofp = 0.05 was used throughout, save where multiple comparisons were conducted; 
in these instances, the Bonferroni correction was applied. All statistical analyses were 
conducted with IBM SPSS Statistics, version 20.0 ·and R Statistical Software, 3.0.1. 
III.A.4. RESULTS 
Characteristics of the subjects are listed in Table III.A.l . Of the 29 former 
American football-players, 22 played professionally, four played in high school, and three 
played in college. Mean duration offootball exposure was 16.1 +/- 5.8 years [5 to 25 
_years]. 14 athletes were lineman, three were linebackers, three were defensive backs, six 
were running backs, two split time at running back and linebacker, and one was a wide 
receiver. Nine were military veterans, four of whom experienced combat. 23 were non-
Hispanic white, five were non-Hispanic black, and one was Hispanic white. Mean years 
of education 15.5 years+/- 2.3 years. 
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Mean age at death was 58.7 +/- 21.7years. Five died due to suicide, three as a 
result of accidental overdose, 13 from systemic conditions, four due to dementia, and four 
as a result of injury. After neuropathologic examination, three were diagnosed with stage 
I disease, six were diagnosed with .stage II CTE, ten were diagnosed with stage III 
disease, and ten were diagnosed with stage IV disease. 
Older age at death (Spearman's test, rho= 0.736, p < 0.0001), greater years of 
play (Spearman's test, rho= 0.594, p = 0.001), and increased duration between cessation 
of play and death (Spearman's test, rho= 0.677, p < 0.0001) were all associated with 
advanced stage of CTE. No linear demographic variables were related to degree of CTE 
pathology. 
No single season exposure metric (median positional exposure to head impacts 
greater than 1 Og, median magnitude of positional exposure to linear acceleration, median 
magnitude of positional exposure to rotational acceleration, 95th percentile magnitude of 
positional exposure to linear acceleration, 95th percentile magnitude of positional 
exposure to rotational acceleration, and positional exposure to concussion) was 
significantly related to CTKpathology. However, all lifetime exposure metrics were 
statistically significantly related to CTE pathology (p < 0.004 after Bonferroni 
correction), except for the cumulative exposure to head impacts of greater than 1 Og, and 
the exposure to concussion (see Table III.A.2). 
However, because total duration of exposure is independently significantly related 
to stage of CTE, linear regression with backward elimination was used to ensure effects 
were driven by the metric variable, rather than simply by duration of play. Only the 
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lifetime 95th percentile linear magnitude exposure (B = 0.68, r2 = 0.47, F(1,28) = 23.51, p 
< 0.0001 ), and lifetime 95th percentile rotational magnitude exposure (B =:= 0.68, r 2 = 0.4 7, 
F(l,28) = 23.49, p < 0.0001) were improvements over years of football exposure alone. 
III.A.5. · DISCUSSION 
In the absence of prospective studies of athletes with helmet sensors followed to 
autopsy, or biomarkers with high disease sensitivity and specificity, studies such as these 
are the only way to relate characteristics of athletic exposure to pathologic outcomes. By 
using an AEM to determine each subject's athletic exposure to head impacts of various 
types, the relationship between impacts and CTE was elucidated. The cumulative 
exposure to the highest magnitude linear and rotational impacts appears to be strongly 
related to stage of CTE. This would suggest that high magnitude collisions appear to be 
additive, and that one could decrease risk of CTE by decreasing these high magnitude 
head impacts. The precise relationship between these factors remains to be explored. 
Several cumulative metrics have a no better, to quite worse, relationship with 
CTE severity than would "be expected from dur~!iqn of play alone. Of particular interest, 
the cumulative exposure to head impacts greater than 1 Og was not related to CTE stage. 
This finding suggests that not all impacts are sufficient to result in CTE pathology; the 
exposure to impacts above a threshold of lOg is not related to ·increased CTE stage. 
Additionally, cumulative exposure to concussion was not associated with CTE 
severity, suggesting that symptomatic events might not be a satisfactory predictor of CTE 
risk. While this might be due to concussion underreporting, this is unlikely to account for 
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the lack of finding. Specifically, the fact that all subjects_ were football players makes the 
annual concussion risks used in this study to distinguish positional risk a relative, rather 
than absolute, distinction. Unless there is some position based discrepancy in concussion 
reporting, if all athletes underreport (or over report; for that matter) concussions at the 
same nite regardless of position, there would be no relative difference in cumulative 
concussion risk. Therefore, only a position based discrepancy in concussion reporting 
could explain the lack of relationship between this factor and CTE severity. 
Interestingly, previous studies have shown that linear acceleration is correlated 
with concussion risk.(327, 346, 385) This study, however,. suggests some discrepancy 
between the highest magnitude linear impacts and concussion, as the cumulative 
exposure to the former is associated with CTE, whereas the latter is not. The precise 
biomechanical relationship between these linear impacts and concussion warrants further 
research. 
This study dcies not provide any additional information about the importance of 
·linear impacts as compared to rotational impacts. in fact, these data suggest that they are 
near equally important in their effects on CTE stage. 
There are several limitations to this study. First, exposure modeling may be 
overly simplistic. For example, high school athletes appear to recover more poorly as 
compared to collegiate athletes, despite the latter typically incurring equal if not slightly 
higher magnitude and more frequent impacts, potentially as a result of being bigger, 
faster, and stronger.(2, 26, 194) There are several pos-sible explanations for this disparity 
between recovery in high school and collegiate football players: the brain may not yet be 
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fully developed, resulting in a lower injury threshold; the blood vessels may tear more 
easily in the less developed brain; the skull is thinner, which could provide less protection 
to the brain; there may be fewer medical staff members available at high school games; 
: - l. 
· and/or poor body control ~d technique might make younger players more susceptible to 
brain injury following a poorly executed tackle.(25, 74) In fact, one explanation may be 
that for various reasons, including having weaker necks, high school football players 
' 
were found to sustain more absolute force to brain per hit while playing football that 
college athletes.(26) These differences between the impacts sustained at specific ages are 
not accounted for in the proposed model. 
In addition, an autopsy-based case series is limited by significant enrollment bias, 
as the individuals whose families choose to donate may not reflect the normal athlete 
population. This point is underscored by the high number of professional football players 
in the sample. 
In addition, other factors such as the age at which the brain begins may be critical 
to the disease pathogenesis. This model does not take into account age of onset, or age of 
cessation of play. As both of these are significantly related to CTE stage, a future model 
incorporating these aspects would potentially be an improvement. 
Nonetheless, this study provides the frrst glimpse into the relationship between 
head inipacts and the development of CTE. Based on these data, limiting exposure to 
high magnitude linear and rotational impacts would be beneficial in decreasing the risk of 
developing late stage CTE. Although head impacts were once considered relatively 
benign, this study suggests that these injuries can have long-term consequences, 
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. . . . 
sometimes for years or even decades after the impacts occur. Improved understanding of 
the risks associated with these impacts, and their potentially debilitating consequences, 
highlights the need for better concussion diagnosis, treatment and prevention. 
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Table III.A.l. Demographic and athletic characteristics of each athlete. 
Subject Level Years Position Age Decade Military Stage 
101 HS 5 DB 20s Combat I 
102 HS · 5 LBIRB lOs None I 
103 College 5 OL/DL 30s Combat II 
104 College 8 OL 50s None II 
105 College 8 WR 40s None III 
106 HS 9.5 LBIRB 40s None II 
107 College 12 LB 20s None II 
108 Pro 13 OL/DL 80s Combat II 
109 Pro 14 OL 70s No Combat IV 
110 Pro 15 RB .90s No Combat IV 
111 Pro 16 OL 40s None II 
112 Pro 16 OL 30s None I 
113 Pro 16 DB 70s None III 
114 Pro 17 RB 50s None III 
115 Pro 17 OL 60s None III 
116 Pro 18 OL 80s None IV 
117 Pro 18 OL 80s None IV 
118 Pro 18 RB 70s None IV 
119 . Pro 19 LB 60s None IV 
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120 Pro 19 OL 40s None III 
121 Pro 19 DL 50s. None III 
122 Pro 20 RB 70s No Combat IV 
123 Pro 20 RB 80s Combat IV 
124 Pro 22 DL 60s None III 
125 Pro 22 DL 30s None III 
126 Pro 23 OL 60s No Combat . IV 
127 Pro 23 RB 80s No Combat IV 
128 Pro 24 LB 40s None III 
129 Pro 25 DB 50s None III 
.· ·., 
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Table lli.A.2. The relationship between exposure metrics and stage of CTE pathology 
CTE 
Metric Stage I Stage II Stage III Sf;age IV F p 
n=3 n=6 n= 10 n= 10 
·Single Season Risk 
Hits> lOg 436 +/- 120 566 +/- 65 493 +/- 204 . 439 +/- 120 1.02 0.402 
Median Linear 20.3 +/- 0.58 20.2 +/- 0.41 20.1 +/- 0.57 20.6 +/~ 0.52 1.72 0.188 
95th % Linear 60 +/- 5.3 60 +/- 5.5 59.3 +!- 4.0 62.7+/- 6.0 0.80 0.508 
Median Rotational 1267 +/- 115 1246 +/- 78 1245 +/- 93 . 1320 +/- 103 1.25 0.314 
95th % Rotational 4227 +/- 409 4044 +/- 353 4133 +/- 342 4390 +/- 532 1.01 0.407 
Concussion 12.1+/- 4.0 9.5 +/- 3.0 · 10.9 +/- 4.8 12.8 +/- 3.8 0.94 0.437 
Cumulative Risk 
.Hits> lOg 4171 +/- 5972 +/- 9833 +/- 8218 +/- 2.51 0.082 
3930 2314 5016 2483 
Median Linear 175 +/- 126 217 +/-79 381 +/- 103 388 +/- 62 9.20 <0.001 
95th % Linear 505 +/- '339 636 +/- 232 1116 +/..: 288 1181 +/- 228 9.60 <0.001 
Median Rotational 10733 +/- 13196 +/- 23735 +/- 24860 +/- 9.00 <0.001 
7349 4917 6836 4538 
95th% Rotational 35066 +/- 42754 +/- 77869 +/- 82757 +/- 9.71 <0.001 
22288 15338 20814 17350 
Concussion 88 +/- 28 100 +/- 43 202 +/- 85 243 +/- 103 5.30 0.006 
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ll.B. THEORETICAL EXPOSURE AND CLINICAL PRESENTATION 
Although CTE can only currently be diagnosed postmortem, new methods may be 
.available to identify those at risk through exposure modeling. Specifically, the next 
chapter utilizes aforementioned models, to identify the relationship between exposure and 
the regional distribution of neurofibrillary tangle pathology in cases of pure CTE. 
This chapter examines the biomechanical relationship between the head impacts 
sustained and the underlying ptau regional pathology. Specifically, it aims to assess 
whether linear collisions are more likely to result in injuries to structures in contact with 
the skull, the inferior frontal cortex pars orbitalis and the temporal pole, with rotational 
, impacts more likely to cause injuries in the brainstem, in locus coeruleus and the raphe 
nuclei. 
Additionally, a recent case series of athletes with neuropathologically confirmed 
CTE suggests that there may be two distinct presentations of GTE: one that tends to 
present at a younger age with Initial symptoms ofbehavioral (e.g., impulsivity, violence) 
and/or mood changes (e.g., depression, hopelessness), and another that typically 
manifests later in life with initial symptoms of cognitive impairment( e.g., episodic 
memory deficits, executive dysfunction). As the former tend to be changes associated 
with deeper brain regions and the latter with frontal strUctures, the hypothesis that linear 
· impacts predisposes the cognitive presentation, and rotational impacts predispose the 
behavioral and mood presentation, was tested. 
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TII.B.l. ABSTRACT 
Background: Chronic Traumatic Encephalopathy (CTE) is a neurodegenerative disease 
· -believed to be caused by repetitive head impacts. Neuroanatomically, CTE is associated 
with pathology in the superior, dorsolateral arid lateral frontal cortices, which may result 
in the executive dysfunction that often presents clinically. Pathology is often found _in the 
brainstem, specifically in the locus coeruleus and raphe nuclei, which may be related to. 
the mood changes associated with disease. This study sought to quantify the relationship 
between linear and rotational exposure to head impacts and resulting pathology in these 
regions, along with the associated clinical symptoms. 
Methods: . The athletic exposure to head impacts in 29 former football players with 
nemopathologically confirmed CTE was modeled and characterized based on cumulative 
exposure to impacts greater than I Og, median linear and rotational acceleration, and 95th 
percentile linear and rotational acceleration. Immunoreactive tau neurofibrillary tangle 
pathology in these regions was semi-quantitatively assessed and family members were 
interviewed to determine clinical symptoms in decedents. 
Results: Single season biomechanics were not significantly related to pathology in most 
regions, but cumulative 95th percentile exposure was significantly related to pathology in 
all regions. There were no relationships observed in initial clinical symptom presentation 
and linear ·versus·rotational head impact exposure. Exposure metrics were highly 
correlated with one another. 
Conclusion: Although there was no relationship between nature of head impact 
exposure and pathology or clinical presentation, this study provides a useful method for 
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evaluating the relationship between head impacts and clinical and pathologic features-of 
CTE. 
m.n.2. INTRODUCTION 
Approximately 1. 7 million people sustain a traumatic brain injury (TBI) in the 
United States annually, accounting for 1.365 million emergency room visits and 275 ,000 
hospitalizations.(6) American football is responsible for more of these injuries than any 
other sport.(2, 20, 21) These impacts put athletes at risk for Chronic Traumatic 
Encephalopathy (CTE), as the repeated impacts they experience are thought to be 
necessary to initiate the disease process. While all individuals ever diagnosed with CTE 
- . 
have had some history of head impacts, the precise relationship between head impacts 
and the pathogenesis of disease remains unknown. 
_ Like AD and most other neurodegenetative diseases, CTE can currently only be 
diagnosed postmortem.(198, 217) However, unlike theseother diseases, there are 
currently no widely used clinical diagnostic criteria, nor biomarkers of disease, that can 
be used to aid in diagnosis.(217) As a result, CTE remains, principally, a disease defined 
by its neuropathologic features. ·Recently, the largest study of pathologically confirmed 
CTE was published, in which it was argued that CTE progressed through four distinct 
stages with increasing disease severity.(197) Studies such as these have greatly improved -
understanding of CTE pathology. 
The gross pathologic features ofCTE are typically characterized as _generalized 
atrophy and enlarged ventricles, specific atrophy of the frontal and medial temporal 
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. lobes, degenerations of white matter fiber bundles, often with fenestrations, thinning of 
· the hypothalamic floor, and shrinkage ofthe mammillary bodies.(166, 167) However, 
these changes begin gradually and become more apparentwith advanced stage CTE. 
Microscopically; CTE has been characterized by the accumulation of 
· hyperphosphorylated tau protein (ptau) as neurofibrillary tangles (NFTs) and astrocytic 
tangles throughout the brain;(74, 166, 167, 175, 182, 197, 198, 202, 207-211, 217, 218). 
Perivascular multifocal ptau pathology in the depths of cortical sulci is a unique feature 
of CTE not found in any other tauopathy or neurodegeneration, including AD. The 
progression of ptau pathology in CTE occurs in a predictable sequence of severity that 
increases with stage of disease.(197, 198) 
Although CTE is defmed by this ptau pathology and it is known that CTE is 
caused by head impacts, there have been no studies examining the nature of head impacts 
responsible for the development of CTE. Such a study would likely involve equipping a 
large cohort of athletes with helmets equipped with accelerometers to detect all impacts, 
with follow up through_ death. As a result, studies such as these involving direct 
measurement of impacts sustained are impractical. 
However, football can be examined in the context of an occupational exposure to 
head impacts. Each position in football experiences a relatively consistent, albeit distinct, 
exposure to head trauma.(194, 320, 329, 335, 336,347, 349, 386) Biomechanical 
measurements from sensors in currently eqUipped athletes can be used to extrapolate the 
exposure to head impacts in athletes retrospectively. 
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This study examines the biomechanical relationship between the head impacts 
sustained and the underlying ptau regional pathology. Specifically, it aims to assess 
whether linear collisions are more likely to result in injuries to structures in contact with 
the skull, the inferior frontal cortex pars orbitalis and the temporal pole, with rotational 
impacts more likely to cause injuries in the brainstem, in the locus coeruleus and raphe 
nucleus. The study utilizes a cohort of former football players who have all had 
postmortem diagnoses of CTE, in the absence of other neurologic disease. The athletic 
history of these athletes was reconstructed based on family interviews and published 
rosters and athletic statistics, where available. An athletic exposure matrix (AEM) was 
generated from helmet sensor data, which accounted for positional differences in median 
linear accelerations, median rotational accelerations, 95th percentile linear accelerations, 
and 95th percentile rotational acceleration, based on the principle of job-exposure 
. . 
. matrices utilized in occupational exposure research.(320, 335, 336, 3S2) Positional 
differences in concussion rates were also ip.corporated into the AEM using data from 
epidemiologic studies.(2, 383) 
Additionally, a recent case series of athletes with neuropathologically confirmed 
CTE suggests that there may be two distinct presentations of CTE: one that tends to 
present at a younger age with initial symptoms of behavioral (e.g., impulsivity, violence) 
and/or mood changes (e.g., depression, hopelessness), and another that typically 
manifests later in life with initial symptoms of cognitive impairment (e.g., episodic 
memory deficits, executive dysfunction).(198) As the former tend to be changes 
associated with deeper brain regions and the latter with.frontal structures, the hypothesis · 
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that linear impacts predisposes the cognitive presentation, and rotational impacts 
predispose the behavioral and·mood presentation, was tested. 
lli.B.3. · 
Subjects 
METHODS 
Subjects were deceased athletes selected from the Boston University Center for 
the Study of Traumatic Encephalopathy (CSTE) brain bank. At the time of enrollment, 
81 subjects had been diagnosed with CTE based on the neuropathologic criteria after 
comprehensive evaluation for the neuropathological changes of CTE as well as all other 
neurodegenerative conditions.(166, 167, 197) Next of kin provided written consent for 
participation and brain donation. Institutional Review Board approval for brain donation 
was obtained through the Boston University Alzheimer's Disease Center CSTE. 
Institutional Review Board approval for post-mortem clinical record review, interviews 
with family members, and neuropathological evaluation were obtained through the 
Boston University School of Medicine. From all cases of pathologically confirmed CTE, 
this study had the following exclusion criteria: 
o primary exposure to head impacts from an ~ctivity besides football, 
o inability ~o contact next of kin to conduct a postmortem interview, 
o presence of to-morbid motor neuron disease, neurodegenerative disease or other 
significant neuropathology. 
Of the total sample in the brain bank with neuropathologically confirmed CTE, 
·seven were military veterans with unknown or no athletic history and ten did not have 
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next of kin available for contact, 28 had co~ morbid neurologic disease, and seven had a 
primary sport besides football. Football players were grouped by primary position 
played: offensive linemen, defensive linemen, quarterbacks, wide receivers, all other 
offensive backs, defensive linebackers, and defensive backs. 
Neuropathologic Examination 
The neuropathological processing followed the procedures previously established 
and described for the BU CSTE Brain Bank.(166, 167, 197, 198) Generally, after 
photographic documentation and gross inspection, the brain i~ blocked and sectioned. 
Paraffin embedded sections were stained with A T8 (a mouse monoclonal antibody 
directed against phosphoserine 202 and phosphothreonine 205 ofPHF-tau, Pierce 
Endogen, Rockford IL, 1 :2000), and other standard antibodies, as described 
elsewhere.(l66, 197) Neuropathological diagnoses were made independently without 
knowledge of the subjects' clinical histories, and were independently confirmed by two 
other neuropathologists. 
The density ofNFT, GTs, diffuse amyloid plaques, neuritic amyloid plaques and 
vascular amyloid was rated semi-quantitatively using AT8 or AB immunostained 
paraffin-embedded 10 f.1. sections according to methods previously reported.(197) 
Diagnosis of CTE 
CTE was diagnosed based on the presence of perivascular foci of p-tau 
immunoreactive glial tangles (GTs) and neurofibrillarytangles (NFTs), irregular cortical 
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distribution of p-tau immunoreactive NFTs and GTs with a predilection for the depth of · 
cerebral sulci, clusters of subpial and periventricwar GTs in the cerebral cortex, 
·•'::... 
diencephalon, basal ganglia and brainstem, and NFTs in the cerebral cortex located 
predominantly in the superficiallayers.(166, 197, 198, 360) 
Diagnosis of Other Neurodegenerative Disease . 
Other neurodegenerative diseases were diagnosed for the purpose of exclusion 
. for the present study, using standard diagnostic criteria described elsewhere.(167,)86, 
192, 361-371) 
Clinical Assessment 
Clinical assessment of each subject prior to death was determined via a 
postmortem autopsy conducted via semi-structured interviews with next of kin and 
review of available medical records, as described previously.(197, 198) Both the 
informants and the interviewer were blind to the neuropathologic findings throughout the 
. process. The semi-structured telephone interview was queried about the subjects 
demographics; athletic history; military service; concussion and brain trauma history; 
medical history (including neurologic, psychiatric, substance use); family history; 
social/occupational history; and reported/observed changes in mood, behavior, motor 
functions, cognition, and activities of daily living. Medical records were available and 
reviewed for 23 cases. All interview and medical records were reviewed by two 
·clinicians and a graduate student and initial presenting domain was identified by 
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' . 
c6nsensus.(197, 198) 
Athletic Exposure to Head.Impacts 
The study utilized objective data previously collected from sensors placed in the 
helmets of middle school, high school, and collegiate football players. These data include 
information regarding .the frequency and magnitude of impacts, all broken down by 
position.(320, 335, 336) In addition, epidemiologic studies that reported concussion rates 
based on position were used.(2, 383) Based on these data, an AEM was generated which 
included exposure columns for: 
o the median number of hits experienced by position, 
o median linear acceleration experienced by position, 
o the median rotational acceleration experienced by position, 
o the 95th percentile linear acceleration experienced by position, 
o the 95th percentile rotational acceleration experienced by position, and 
o the relative exposure to concussive impacts by position. 
The length of the subjects' playing careers was determined from retrospective 
. interviews and available statistical records. 
Statistical Analysis · 
Bivariate analyses were conduCted to assess the strength of relationship between 
regions of interest an:d biomechanical exposure metrics (median positional exposure to 
. head impacts greater than 1 Og, median magnitude of positional exposure to linear 
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acceleration, median magnitude of positional exposure to rotational acceleration, 95th 
· percentile magnitude of positional exposure to linear acceleration, 95th percentile 
magnitude of positional exposure to rotational acceleration, and positional exposure to 
concussion). To assess the relationship between exposure metrics and clinical 
presentation category, group differences were examined by independent sample T-tests. 
A probability level of p = 0.05 was used throughout. All statistical analyses were 
conducted with IBM SPSS Statistics, version 20.0 and R Statistical Software, 3.0.1. 
III.B.4. RESULTS 
Of the 29 former American football players, 22 played professionally, four 
played in high school, and three played in college. Mean quration of football exposure 
was 16.1 +/- 5.8 years [5 to 25 years]. 14 athletes were lineman, three were linebackers, 
three were defensive backs, six were running backs, two spent equal time at running back 
and linebacker, and one was a wide receiver. Nine were military veterans, four of whom 
experienced combat. 23 were non-Hispanic white, five were non-Hispanic black, and 
one was Hispanic white. Mean years of education 15.5 years+/- 2.3 years. Mean age at 
death was 58.7 +/- 21.7 years. Five died due to suicide, three as a result of accidental 
overdose, 13 from systemic conditions, four due to dementia, and four as a result of 
injury. After neuropathologic examination, three were diagnosed with stage I disease, six 
were diagnosed with stage II CTE, ten were diagnosed with stage III disease, and ten 
were diagnosed with stage IV disease. 
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Semi-quantitative NFT burden for each subject is listed in Table III.B.l. _ The 
relationships observed between regional NFTs and impactbiorriechanic metrics are listed_ 
in Tables III.B.2 and III.B.3. For the most part, single season metrics were not 
statistically significant. On the other hand, the majority of cumulative metrics were 
significantly associated with regional pathology. However, the relationship between 
regional pathology and impact exposure was not mediated by the nature of the exposlire. 
The mean value for each head impact exposure variable, grouped by initial 
symptom domain presentation, is displayed in Table III.B.4. No statistically significant 
relationships were observed. 
III.B.S. DISCUSSION 
The current study aimed to assess the relationship between head impacts and 
regional pathology, as well as presentation type. Although the nature of the head impact 
exposure was not related to either variable, important relationships were observed. 
While few season based metrics were related to NFT pathology in the regions of 
interest, the majority of the cumulative exposure metrics were significantly related. As 
the cumulative exposure variables incorporate an athlete' s personal, lifetime exposure to 
each biome~hanic impact, it is unsurprising that these variables were more related .to 
postmortem pathology. The inability of the present study to discern differences between 
the different categories of impacts may be a methodologic one; the four-tiered semi-
quantitative measure ofNFTburden may not be precise enough to demonstrate the true 
differences in pathology. True quantitative analysis might provide sufficient precision, as 
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might a protein assay to identify precise protein concentration. AdditionaJly, the current 
AEM may not be accurate enough to reflect an individual' s true expo sur(!. As more head 
. impact studies are published, especially from different levels of play, the AEM will get 
more accurate. Future AEMs may also be able to take into account differences in era, 
ascertained through video studies. Additionally, future AEMs may be able to incorporate 
helmet data examining the effects of BMI on impact biomechanics, to improve the 
assessment of a subject's impact exposure.(26) 
As for the relationship between head impacts and presentation type, it is nearly 
certain that pathology is reflected in symptom presentation. Because this study indicates 
that cumulative impact metrics are related to pathology, it is likely that some form of 
impact metric is also related to presentation type. Clinically, CTE has been associated 
with a triad of behavioral changes, mood lability, and cognitive dysfunction. A recent 
case series of athletes with neuropathologically confirmed CTE suggests that there are 
two distinct presentations of CTE: one that initially presents at a younger age with 
symptoms of behavioral . or mood changes, and another that presents later in life with 
initial symptoms of cognitive impairment.(198) Although none of the relationships were 
significant, it is worth noting that all cumulative impact markers were higher in the 
cognitive initial presentation group, as compared to the mood/behavior initial 
presentation group. This su~gests that the issue may simply be one of sample size; this 
study may not have been powered to observe an effect, if one in fact exists. 
Pathology in frontal cortices may underlie the clinical features of disinhibition, 
lack of insight, and poor executive function found in CTE, with the temporal lobe . 
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potentially contributing to th~ frontal symptoms as well as to the irritability, impulsivity, 
explosivity and outbursts of aggression common in early CTE.(l66, 197) Pathology of 
the subcallosal and inferior orbital frontal cortex and brainste'm, especially the locus 
coeruleus and -median raphe, might be related to the mood symptoms associated with 
CTE.(166, 197) Pathology in this region may be related to the nature of the impacts an 
individual sustains, although this study does not provide conclusive evidence. 
-
This study is further complicated by several methodological shortcomings 
including a retrospective, cross-sectional design, and a lack of appropriate control groups, 
such as individuals who experienced repetitive brain injury but did not develop 
CTE.(142) Additionally, this study relies heavily on the report of family members; this 
has a history of being unreliable, and is further complicated by potential involvement in 
litigation, or recall biases such as the "good old days" bias, which is the idea that 
individuals who sustain an injury often un~erestimate problems pre-injury.(85, 143) 
Future models that incorporate genetics, advanced neuroimaging, refined 
. cognitive measures, improved biomechanical data, and information on era, will help 
create a more comprehensive model that may improve oirr understai)ding of disease.(144) 
However; this study presents a frrst, important step, in relating exposure to outcome. 
Uiti'mately, studies such as this one will help elucidate the mechanism and pathogenesis 
of disease. 
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Table III.B.l. Regional pathology of each athlete. 
ID Years Position InfFr DLFr T Pole SN LC Raphe 
101 5 DB 1 1 0 0 0 0 
102 5 LB/RB 0 0 0 
103 5 OL/DL 4 2 1 1 1 1 
104 8 ·OL 1 4 2 1 2 1 
105 8 WR 4 0 4 2 2 
106 9.5 LB/RB 3 3 2 1 2 1 
107 12 LB 4 4 0 0 
108 13 OL/DL 1 0 1 2 2 2 
109 14 OL 1 1 1 2 2 2 
110 15 RB 4 4 
111 16 OL 2 3 2 
112 16 OL 4 
113 16 DB 1 1 3 3 · 3 3 
114 17 RB 4 4 4 2 3 3 
115 17 OL 1 4 4 3 4 3 
116 18 OL 1 1 1 4 3 1 
117 18 OL 4 4 4 4 4 4 
118 18 RB 2 4 4 3 2 3 
119 19 LB 4 4 3 4 4 4 
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120 19 OL 0 0 4 2 0 
121 19 DL 2 2 2 3 4 2 
122 20 RB 4 4 4 4 0 2 
123 20 RB 4 , 4 4 4 4 4 
124 22 DL 1 1 4 
125 22 DL 0 
126 23 OL 4 4 4 2 4 3 
' 127 23 RB 4 4 4 4 4 4 
128 24 LB 4 4 4 2 4 
129 25 DB 4 4 4 3 4 3 
DL Fr =Dorsolateral Frontal, InfFr =Inferior Frontal, LC =Locus Coeruleus, 
·Raphe = Dorsal/Medial Raphe, SN = Substantia Nigra, T Pole = Temporal Pole, 
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Table TII.B.2. The relationship between exposure metrics and frontal and temporal path 
Single Season Risk Cumulative Risk 
Metric n r p n r p 
Inferior Frontal 
Hits > lOg 27 -0.27 0.168 27 0.00 0.998 
Median Linear 27 0.32 0.106 27 0.32 0.106 
95th % Linear 27 0.49* 0.009 27 0.40* 0.038 
Median Rotational 27 0.37 0.056 27 0.37 0.060 
95th % Rotational 27 0.44* 0.021 27 0.41 * 0.034 
Concussion 27 0.41* 0.034 27 0.52* 0.005 
Dorsolateral Frontal 
Hits > lOg 28 -0.08 0.679 28 0.17 ~.38 
Median Linear 28 0.50* . 0.007 28 0.51 * 0.005 
95th % Linear 28 0.34 0.073 28 0.46* 0.014 
Median Rotational 28 0.44* 0.019 28 0.51 * 0.005 
95th % Rotational 28 0.33 0.090 .28 0.50* 0.007 
Concussion 28 0.27 0.165 28 0.54* 0.003 
Temporal Pole 
Hits > lOg 29 0.02 0.940 29 0.41 * 0.028 
Median Linear 29 0.24 0.215 29 0.66* <0.001 
95th %Linear 29 0.08 0.684 29 0.66* <0.001 
Median Rotational - 29 0.20 0.300 29 0.67* <0.001 
95th% Rotational 29 0.14 0.457 29 0.66* <0.001 
Concussion 29 0.10 0.593 29 0.56* 0.002 
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Table Ill.B.3. The relationship between exposure metrics and brainstem pathology 
Single Season Risk Cumulative Risk 
Metric n .r p n r p 
Substantia Nigra 
Hits > lOg 23 -0.14 . -.52 23 0.40 0.056 
Median Linear 23 0.25 0.24 23 0.69* <0.001 
95th% Linear 23 0.11 0.63 23 0.69* <0.001 
Median Rotational 23 0.25 0.26 .23 0.69*· <0.001 
95th% Rotational 23 0.20 0.35 23 0.68* <0.001 
Concussion 23 0.17 0.44 23 059* 0.003 
Locus Coeruleus 
Hits > lOg 19 0.17 0.497 19 0.69* 0.001 
Median Linear 19 0.05 0.841 19 0.59* 0.008 
95th % Linear 19 -0.08 0.744 19 0.66* 0.002 
Median Rotational 19 0.03 0.895 19 0.56* 0.012 
95th %Rotational 19 -0.11 0.665 19 0.62* 0.005 
Concussion 19 -0.14 0.579 19 0.31 0.199 
Dorsal Medullar 
Hits > lOg 20 -0.02 0.945 20 0.54* 0.014 
Median Linear 20 0.29 0.217 20 0.65* 0.002 
95th % Linear .20 0.14 0.546 20 0.67* 0.001 
Median Rotational 20 0.25 0.291 20 0.63* 0.003 
95th% Rotational 20 0.13 ·o.s98 20 0.66* 0.002 
" 
Concussion 20 0.09 . 0.720 20 0.45* 0.045 
-
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Table IIT.B.4. Regional pathology by initial clinical presentation 
Metric Cognitive Behavioral/Mood · Average 
n= 10 n= 16 n=29* 
Single Season Risk 
Hits> lOg 529 +/-157 443 +/- 149 484 +/- 150 
Median Linear 20.4 +/- 0.52 20.3 +/- 0.58 20.3 +/- 0.54 
95th % Linear 60.3 +/- 4.8 61.1 +/;_ 5.5 60.7 +/- 5.1 
Median Rotational 1295 +/- 93 1259 +/- 102 1273 +/- 97 
95th % Rotational 4195 +/- 420 4248 +/- 449 4213+/- 427 
Concussion · 11.0 +/- 4.1 11.9 +/- 4.2 11.4 +/- 4.1 
Cumulative Risk 
Hits> lOg 9703 +/- 4607 7041 +/- 3412 7891 +/- 3973 
Median Linear 372 +/- 115 318 +/- 118 327 +/- 120 
95th % Linear 1103 +/-359 956 +/- 355 976 +/-3 63 
Median Rotational 23705 +/- 7806 19884 +/- 7632 20597 +/- 7873 
95th % Rotational 76795 +/- 25267 66637 +/- 25902 67861 +/- 26054 
Concussion 203 +/- 99 190 +/- 104 183 +/- 100 
*3 cases were asymptomatic at death · 
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IV. DISCUSSION 
These chapters represent the first analyses of the relationship between exposure to 
head impacts and the incidence and severity of CTE. Several novel approaches have 
been utilized to address this area of great scientific interest. 
The first chapter represents the first anaiysis of the prevalence of CTE. It was 
found that the prevalence of CTE in all NFL athletes who passed away in 2011 was 11%. 
As the cohort selected for this study all experienced significant exposure to head impacts 
during their athletic careers, these athletes were likely to be at increased risk of 
developing CTE. As a result, these fmdings cannot necessarily be generalized to the 
footb~ll community at large. Nonetheless, the fact that CTE has been diagnosed in 
athletes at ail levels, including athletes who only competed in football at the high school 
level, suggests that these professional athletes are not alone at risk. While a prevalence 
of 11% is alarmingly high, this simply represents a bare minimum fmding as it is based 
on assumptions that bias towards de,creasing the measured preval~nce. 
The second chapter examined a broader cohort of athletes at high risk of 
experiencing head trauma for clinical manifestations of CTE. Specifically, a subset of 
cases of CTE have presented as an MND, with cognitive and behavioral symptoms 
presenting several years after the onset of motor symptoms. Although considered a rare 
disease~ the identification of any potential risk factors of MND is of great significance to 
the public"' s health. Specifically, recognizing potential risk factors that can be modified 
or prevented is important as these risks can be minimized and eliminated. The ·chapter 
provided evidence of a significant risk associated with NFL activity as it pertains to the 
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development ofMND. Although the present_ design is unable to identify the specific 
factor responsible for the increase in risk ofMND, it is possible that repetitive head 
impacts play a role. The findings that NFL athletes have a 1.88-2.12 times increased risk 
of developing MND is in line with _other recent studies and provides further evidence of 
this growing link. It is possible that this increased risk result from repetitive head 
injuries, but this study neither supports nor refutes that possibility. However, the 
widespread TDP-43 positive inclusions found in the vast majority of cases of CTE, as 
well as the subset of individuals with CTE who also develop MND, support the · 
hypothesis that these to pathologies are linked. -
The third chapter utilized an AEM to categorize an athlete's exposure to head 
impacts ofvarious types. In the absence of prospective studies of athletes with helmet 
sensors followed to autopsy, or biomarkers with high disease sensitivity and specificity, 
studies such as these are the only way to relate characteristics of athletic exposure to 
pathologic outcomes. The 95th percentile of the cumulative exposure to linear and 
rotational impacts.appears to be strongly related to stage ofCTE. This would suggest 
that high magnitude collisions appear to be additive, and that one could decrease risk of 
CTE by decreasing these high magnitude head impacts. The precise relationship between 
these factors remains to be explored. This chapter provides the first glimpse into the 
relationship between head impacts and the development of CTE. Although head impacts 
were once considered relatively benign, the results from this chapter suggest that these 
impacts can have long-term consequences, sometimes for _years or even decades after the 
impacts occur. Improved understanding of the risks associated with these impacts, and 
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their potentially debilitating consequences, highlights the need for better concussion 
diagnosis, treatment and prevention. 
The final chapter.aimed to assess the relationship between head impacts and 
regional pat;hology and clinical presentation of CTE. Although the nature of the head 
impact exposure was not related to clinical presentation, there was a strong link between 
measures of head impact exposure and CTE regional pathology. However, because linear 
and rotational accelerations were highly correlated, distinct effects were not observed 
from these different types of impacts. This chapter provided a novel method by which 
the relationship between athletic exposure to h~ad impacts can be related to underlying 
pathology of CTE. 
Future studies should build upon these novel techniques to advance scientific 
understanding of the relationship between head impacts and the initiation and 
exacerbation of CTE pathology. Additional information about individual athletes could 
generate more precise measurements of athletic exposure to head impacts. Specifically, 
athletic history beyond position atthe professional level, including break down of percent 
played at secondary and tertiary positions per season, would lead to a personalized set of 
athletic exposure metrics. 
Additionally, future studies would benefit from information pertaining to other 
genetic risk factors, environmental risks, and other potentially contributing factors. 
Although head impacts are thought to be necessary to illitiate the neuropathologic 
cascade of CTE, they are unlikely be sufficient. More work is needed to identifY these 
other potential risk factors. 
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More work is needed to understand the differences between individuals whose 
tissue is donated for study at the CSTE, and non-donors. Understanding factors that 
influence who chooses to donate may not only affect understanding of disease 
prevalence; but may also provide opportunities to address potential barriers to donation. 
Future models of athletic exposure to head impacts should incorporate gep.etics, 
advanced neuroimaging, refined cognitive measures, improved biomechanical data, and 
information on era, to create a more comprehensive model. However, these studies 
present a first, important step, in relating exposure to outcome. Ultimately, studies such 
as these will help elucidate the mechanism and pathogenesis of CTE. 
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